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ABSTRACT
Photosensitivity of the respiratory enzyme system 
at high-light intensity (without exogenous photosensitizer) 
in the isolated membranes of S.lutea has been studied in 
relation to carotenoid protection. It was observed that 
malate, NADH and succinate oxidising activities in the 
membranes of S.lutea were all affected by the blue region of 
the visible light spectrum and that light of longer wave­
lengths was less effective, green and red light being 
completely ineffective. The effect of light on the above- 
mentioned activities was greater in non-pigmented than in 
pigmented membranes when a high light intensity was used for 
15 minutes, but no carotenoid protection was observed when 
the membranes were illuminated using a moderate light 
intensity for 120 minutes.
It was observed that the malate oxidising respiratory 
chain was photoinactivated at two sites in the normal 
pigmented membranes and at three sites in the carotenoidless 
mutants. The two sites observed in the pigmented system were 
located in the malate dehydrogenase complex and observed 
in non-pigmented membranes as well. The first site could 
be assayed independently by PMS reduction whereas the other 
site assayed by menadione reduction could not be assayed 
without involving the first one. The second site was more 
sensitive than the first and it was believed to involve 
sulphydryl groups because the addition of cysteine could 
restore the activity. The sensitivity of the first and 
second sites was not affected by carotenoids. The third 
photosensitive site, observed in non-pigmented membranes 
only was shown to be the menaquinone, an essential component' 
of the respiratory chain oxidising malate and NADH but not 
succinate and functioning between cytochromes and flavoprotein
dehydrogenase complex. Enzyme activity of illuminated white 
membrane preparations could partially be restored by the 
addition of vitamin K^ , a homologue of menaquinone (MK). The 
percentage loss of MK consequent on irradiation was 
negligible in yellow membranes but considerable in white 
membranes. In an m  vitro system carotenoid extracted from 
yellow membranes, when added to vitamin K^ , showed a 
protection of the quinone from visible irradiation.
It is concluded that high-intensity light destroys 
menaquinone —  a component of the respiratory electron 
transport chain, in the carotenoidless mutants but not in 
the pigmented. Therefore to protect menaquinone from visible 
light, nature has provided carotenoids in bacteria which 
are subjected to intense light and air.
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1. INTRODUCTION
A. General
  ' 1
. Sarcina lutea, an air-borne member of the micro- 
coccaceae which forms yellow circular colonies on nutrient 
agar, is a Gram-positive non-photosynthetic bacterium which 
contains yellow carotenoid pigments. Carotenoids are 
widely distributed in microorganisms being present not only 
in photo synthetic bacteria but also in many non-photo syn­
thetic organisms.
Numerous functions have been proposed for tjhe 
carotenoids which are widespread in nature. These include 
an important role in protecting some biological systems 
from lethal effects of light in the presence of ox^ rgen. 
(Griffiths £t 1955)
Since carotenoids are essentially present in all 
photo synthetic organisms, this suggests that they are 
directly involved in the process of photosynthesis. Studies 
on emission spectra of purple bacteria (photosynthetic 
bacteria) have shown that radiant energy absorbed by 
carotenoids is directly transferred to chlorophyll. 
Carotenoids in many phototrophs are also believed to act 
as,ancillary light absorbers, which trap light energy in 
the spectral region where chlorophyll cannot absorb effec­
tively (Duysens, 1951). Carotenoids in photosynthetic 
organisms also protect from lethal photoOxidation, i.e. 
photodynamic killing. Carotenoids may also have a role in 
electron transport in photosynthesis. Electrons could be 
transferred from a photoexcited chlorophyll to carotenoids 
which will reduce an acceptor. Thus carotenoids
11-
function by transporting electrons from a donor to an 
acceptor (Platt, 1959; Smith and Ramirez, 1959).
In non-photosynthetic bacteria such as Corynebac- 
terium poinsettiae or Sarcina lutea several functions for 
carotenoids have been proposed. Among these proposals 
there is one that carotenoid acts as a protective agent 
against deleterious photooxidation .(Kunisawa and Stanier, 
1958). This protective function of carotenoids in photo­
synthetic and non-photo synthetic systems may be a universal 
function, but the precise way in which it takes place is 
not known. Since carotenoids are found in membranes (Gilby 
e^ al. 1958 and Mathews and Sistrom, 1959), the present 
study was planned to investigate the properties of the 
cell membrane in relation to carotenoid protection in 
Sarcina lutea.
Membrane preparations from wild type and mutant 
strains have been subjected to visible light to investigate 
the protective role of carotenoids. Mathews and Sistrom 
(1960) and Krinsky (1971) in extensive studies have 
established that bacteria with carotenoids remain alive 
in the light for a longer time than carotenoidless mutants 
of Sarcina lutea.
Working with whole cells and isolated cell membranes 
"of S. lutea, Prebble and Huda (1973) and Huda (1970) found 
photodynamic damage to the respiratory chain when toluidine 
blue was used as an exogenous photosensitizer or by using 
the endogenous photosensitizer. The respiratory activity 
of both whole cells and isolated membranes of a non-pig­
mented mutant showed similar photodynamic damage whereas 
in carotenoid containing cell . membranes these enzyme 
activities were much less damaged. '
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B. PHOTODYNAMIC ACTION
The photobiological processes which are essential 
for the normal activity of living organisms must be sensi­
tized by appropriate pigments since molecules such as 
carbohydrates, proteins, fats, nucleic acids and water 
which make the bulk of protoplasm, do not usually 
absorb visible light. Such photosensitizing pigments 
include rhodopsin, a carotenoid-protein complex on which 
vision is dependant, and chlorophyll on which photosynthesis 
is dependant. Many photomorphogenic reactions are '
dependant on phytochrome. (Hendricks, 1964).
In contrast to these normal processes biological 
systems can be damaged and destroyed ? by non-physio logical 
photochemical reactions. These reactions are divided into 
two categories:
' a) Dye or pigment sensitized photo-autoxidationë
which require molecular oxygen are described 
as "Photodynamic action" by biologists. This 
term was adopted by Blum (1941) to distinguish 
these reactions from the sensitization of 
photographic plates by dyes.
b) The dye sensitized photoreactions which do not
require molecular oxygen. For example, a 
psoralen, 8-methoxypsoralen, is a dye which 
does not involve oxygen in photobiological 
reactions.
In 1900 Raab found that low concentrations of 
acridines and other dyes which had no effect on micro- . .
organisms such as Paramecium in the dark, led to rapid 
killing on illumination in the presence of oxygen. Later, 
it was established that for the killing of microorganisms 
as well as inactivation of enzymes, an appropriate dye
13-
(photosensitizer), light and-oxygen are required (Blum, 
1941)/
Many light absorbing pigments such as flavins, 
quinones and porphyrins (e.g. cytochromes), which could
act as endogenous photosensitizers, are normallyjpresent
■  i
in biological systems. Such compounds may make the 
biological material sensitive to destructive effects of 
light energy. These sensitizers absorb light which in 
turn may cause photochemical oxidations in the cell. 
Alternatively exogenous photosensitizers may be used in 
the investigation of photodynamic action. These are dyes 
which can cause destruction to a biological material in 
the presence of light, e.g. toluidine blue, acridine, 
methylene blue etc. The photo dynamic effects inclu</e 
cell damage, induction of mutations, cancer and death.
Both in vivo and in vitro nucleic acids, polypeptides and 
proteins are damaged and enzymes are inactivated (Spikes 
and Straight, 1967).
The detrimental effects of light, dye and oxygen 
(photodynamic action) on various organisms are the result 
of'photosensitized oxidation of certain cell constituents. 
(Spikes and Straight, 1967). In many cases it is believed 
that singlet oxygen is formed during illumination by 
energy transfer from a triplet sensitizer. The singlet 
oxygen thus produced reacts with substances to initiate 
chain reactions which are not possible with normal oxygen 
(Foote , 1968 and Laseter et al. 1971). Photosensitized . 
oxygenation of olefines^  dienes and heterocyclic .compounds 
is thought to proceed via singlet oxygen (Foote, 1968).
14-
i. Mechanism of Photodynamic Action
In the dark, dye molecules in solution are in the 
ground state, i.e. normally occupied state. The two 
elections in a given molecular j orbital are spin paired 
(spinning in opposite direction). Therefore the magnetic 
moment of the molecule is not affected. This condition 
is termed a singlet state. I'Then the dye absorbs a 
quantum of light energy, one of the electrons from the 
filled orbital is transferred to an unfilled higher energy 
orbital. This is also a singlet state. The lowest 
energy state of this t}pe is called the first excited 
singlet state. Sometimes the spin of the excited electron 
is reversed, thus giving a paramagnetic state of the 
sensitizer. This is called the triplet state (Spikes and 
Straight, 1967). Triplet states are not directly formed 
from the ground state but they are produced as a result of 
intersystem transitions from excited singlet states.
Singlet 6---> triplet transitions are fewer than singlet
4-- > Singlet. The life of a triplet state is longer than
excited singlets. Photodynamic reaction may take place 
via excited singlet or triplet states, but the probability 
of sensitized photoxidation by way of a triplet state is 
greater because of their greater life time (Spikes and 
Straight, 1967). .
The common proposed mechanisms for photo dynamic 
action are summarized as follows (Spikes and Glad, 1964).
I S+hv—^S—^ S* ; S*+RH2 —— S+RH2; RH2RO2 “—  ^Products
II S+hv— S^— >S*; S*+RH2 — ►SH2+RÎ SH2+O2 ► S + ^2^2
-15-
Vf . . Vf Vf
III s+hv — •‘S -vS\ S'+OL — s^+o^ ; RHg+Og — ^Products
IV S+hv — "S -»S*; S'+Og — »S00; RH.+SOO -^Products + S
V S+RII2 "-+SRH2 > ‘ SRH2+hv —►SRli2'~*’SRH * 2,
S + Products
"^Jhere S is the sensitizing dye, hv is a quantum of
light, S is the first excited singlet state of the dye,
S’ is the triplet state of the dye, RH^ is the substrate
RH2 is an excited form of the substrate, "products"
represents the oxidized form of the substrate, R is an
oxidized (dehydrogenated) .form of the substrate, SH« is
Vf '
a photoreduced form of the dye, O2 is an excited or reac­
tive form of oxygen, 800 is a reactive dye.oxygen complex
(regarded as a free radical, the "oxyradical", etc.), SRH«
X. ^
is a dye-substrate complex, and SRH2 and SRH 2 are excited
forms of the dye-substrate complex.
It will be noted that ground state sensitizer is 
ultimately regenerated in all the proposed reaction schemes. 
In mechanisms I and II, substrate is the primary reactant 
with the excited sensitizer, while in mechanisms III and IV 
oxygen is the primary reactant. Mechanism V requires a 
binding of sensitizer to substrate prior to light 
absorption.
Though a number of mechanisms have been proposed for 
photodynamic action, as yet, in biological systems, the 
mechanisms are not well understood. More than one 
mechanism can occur with a given substrate, depending on the 
dye and reaction conditions (Spikes and Glad, 1954).
Of the five mechanisms proposed I and II seem unlikely 
for experiments with toluidine blue and cell systems.
16.
because toluidine blue absorbs at longer wavelengths than 
most cell pigments and because, with a low energy triplet 
state photosensitizer, resonance energy transfer from a 
dye to an endogenous cell pigment is not likely (Prebble 
and Huda, 1973).
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c. CAROTENOIDS
1
Carotenoids are usually yellow and orange pigments 
which are widely distributed in nature. In photosynthetic 
organisms carotenoids are always associated with chloro­
phyll. In many non-photo synthetic organisms such as 
S. lutea and some fungi the yellow to orange colour of 
the organism is due to carotenoids. Carotenoids are lipid 
fat-soluble pigments, hence they have been called lipo- 
chromes or chromolipids.
Chemically some carotenoids are hydrocarbons , these 
are known as carotenes. Other carotenoids are oxygenated 
derivatives of the carotenes; these are the xanthophylls 
which include hydroxy, keto and carboxyl derivatives of the 
carotenes. Basically carotenoids are polyenes and almost 
all of them are C^^ compounds built up of eight isoprene 
units. The two ends of the long conjugated chain may be 
two open chain structures or one open chain structure and 
one ring or two rings. The structure of/3-carotene can be 
written as follows;
y8 -Carotene
Most of the carotenoids reported to occur in 
bacteria have forty carbon atoms. Deviations to the general 
rule have also been observed and liave been considered to be 
the result of oxidation to pigments with less than forty 
carbon atoms or ether or ester formation to pigments with
-1 fi-
more than forty carbon atoms. However, Jensen (1966) 
isolated from Flavobacterium dehydrogenans a carotenoid 
pigment which represented the first naturally occurring 
compound in the carotenoid series having a skeleton.
Thirkell ;ét al. (1967) also reported a c a r o i e n o i d  in 
both S. lutea and Sarcina flava.
i. Carotenoids of Sarcina Lutea
The carotenoids of the yellow Gram-positive bac­
terium S. lutea have been studied by many workers. Jensen * 
et al. (1973) reviewed this work and re-examined the 
results by modem chemical and spectroscopic techniques. 
They concluded that the major carotenoids in S. lutea are 
a C^Q diol, sarcinaxanthin, a mono-D-glucoside of the diol 
sarcinaxanthin, decaprenoxanthin (F. dehydrogenans P 439), 
which is a structural isomer of sarcinaxanthin and differs 
only in the location of one of two primary- allylic hydroxyl 
groups, and 7, 8 or 7’, 8’ dihydrosarcinaxanthin.
Minor carotenoids are the C^^ carotene lycopene and 
three C^^ mono-ols. Mathews and Sistrom (1959) reported 
the presence of sarcinene in S . lutea but Jensen, et al. 
(1973) could not detect it. The only carotene that they 
could detect was lycopene. The structures of carotenoids 
isolated from S. lutea are given below.  ^ -
C40 - Lycopene
- Mono-olC
C,r - Mono-ol
C, t- - Mono-ol 45
CH^OH
CH^OH
- Dehydro%enans-P439 (Decaprenoxanthin)
SarcinaxanthinC50
CH^O-D-
Glucosyl
CHgOH
- D-Glucoside of Sarcinaxanthin
JCH.OH
CH.OH
C50 “ ^ ) 8 or 7’, 8* Dihydrosarcinaxanthin 
- 20 -
ii. Carotenoid Structure and Function
The colour of carotenoids is attributed to the 
extended conjugation of the central chain. Delocalization 
of IT (Pi) electrons over the entire length of the chain 
would make the molecules excellent^donors and acceptors.
Many of the biological functions might be deduced from an 
examination of their molecular structure (Dingle and Lucy, 
1965).
A number of natural products are found to be effec­
tive sensitizers for photo-oxygenation reactions involving 
singlet oxygen. Some examples include chlorophyll, ribo­
flavin and protoporphyrins etc. (Laseter, et al. 1 9 7 1 ) -  
carotene effectively quenches singlet oxygen generated 
either by a photosensitizer (e.g. methylene blue) or 
produced from a chemical reaction (Foote, 1968; Foote arid 
Denny, 1968 and Foote, et 1970). It is also reported 
that chlorophyll-sensitized photo oxidation was partially 
inhibited whereas methylene blue and protoporphyrin 
sensitized photooxidation was completely inhibited by 
singlet oxygen quenchers (laseter, et aT. 1971)• This 
led to the conclusion that methylene blue and
protoporphyrin, but not chlorophyll; sensitized photooxidations 
proceed entirely via singlet oxygen formation. It is 
suggested that organisms are protected by carotenoids 
against the lethal effects of ; sensitization by their own 
sensitizers such as chlorophyll (Foote, 1968). Mutants 
lacking carotenoids are rapidly destroyed in the presence  ^
of light and oxygen. ;
- \
The quenching of singlet oxygen may be an important
protective action of carotenoids against photodynamic 
damage in the living organisms^ and this protective action 
may be the universal function of carotenoid pigments.
-21.-
(Krinskÿ, 1968).
In 1956 Sistrom £t al. demonstrated that carotenoids
of photosynthetic bacteria protected the organism from
\
lethal effects of light. Dworkin (1959), Mathew^ and 
Krinsky (1970), Prebble and Huda (1973), and Prebble and 
Huda (1972) conclusively showed that carotenoid pigments 
of both photosynthetic and non-photosynthetic bacteria are 
capable of protecting these organisms against lethal 
photoxidations sensitized by both endogenous and exogenous 
photosensitizers.
iii.Chromophore length and Protective Action of Carotenoids
Foote, £t (1970) reported that the rate of quen­
ching of singlet oxygen is a function of the length of the 
conjugated polyene chain and parallels the protective 
action of natural compounds. In his report he showed that 
the three compounds shown here
Compound 1 (with 5 conjugated double bonds)
H.OH
Trans-Retinol 
Compound 2 (with 7 conjugated double bonds)
Cg^ - Hydrocarbon
Compound 3 (with 9 conjugated double bonds)
C3 5  - Hydrocarbon
22-
could quench singlet oxygen produced from methylene blue 
but the rate of quenching was very low with compounds 1 
and 2, Compound 3 was a good quencher but yS-carotene 
was still better than all these. iJhen singlet oxygen 
quenching rates were plotted against the number of 
conjugated double bonds in the polyene chain, it was quite 
obvious that the rates fell off sharply with decreasing 
chain length and that the sharpest drop occurred between 
7 and 9 conjugated double bonds. Photobleaching of 
chlorophyll has also been reported to be protected by 
carotenoids only if the chromophoric group of the polyene 
contains a minimum number of conjugated double bonds. The 
threshold value lies between 7 and 9 conjugated double 
bonds but the protection does not depend on the total 
number of oxidisable double bonds (Claes, 1960). Quenching 
values for lycopene (11 conjugated double bonds) were 
also found to be similar to those of >5-carotene (Foote 
et al. (1970). Mathews ^  al. (1974) supported Foote 
e_t (1970) *s findings that carotenoid protection is 
dependant on the chromophore length when they found that 
carotenoid pigments extracted from S. lutea protected the 
organisms from lethal photooxidation. They reported that 
pigment P. 438 with 9 conjugated double bonds was two to 
three times more effective quencher than pigment P. 422 
with 8 conjugated double bonds. Phytofluene (5 conjugated 
double bonds) and Phytoene (3 conjugated double bonds) from
S. lutea were 100 and 1000 times less efficient than 
carotene for singlet oxygen quenching.
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D. PROTECTION BY CAROTENOIDS IN PHOTOSYNTHETIC BACTERIA
!
Photoprotection by carotenoids in phntosynthetic 
bacteria was first demonstrated by Griffiths, et al.
(1955) and was based on their work on Rhodojseudomonas 
spheroides a non-sulphur purple bacterium. They observed 
photokilling and cessation of growth when a mutant strain 
deficient in carotenoids was illuminated in the presence 
of air. They did not find any effect on growth and via­
bility of the wild type strain of R. spheroides. There 
was no difference between the growth of wild type and 
mutant strains when they used other conditions, i.e. light 
in a nitrogen atmosphere or a dark aerobic atmosphere.
Hence it was concluded that they had observed photodynamic 
action as defined by Blum (1941). They further showed 
that bacteriochlorophyll acted as an endogenous photosensi­
tizer since the light responsible for photokilling was the 
same as that absorbed by bacteriochlorophyll. They pointed 
out that green plants upon illumination produced enough 
oxygen in photosynthesis to cause photodynamic killing, 
provided carotenoids are not present. Therefore, a 
mutation leading to an absence of carotenoids in green 
plants will be lethal under many conditions. Griffiths, et. 
al. (1956) confirmed the importance of bacteriochlorophyll 
in catalysing the lethal effects in R. spheroides by 
growing the organism for several generations in air and 
complete darkness. Under these conditions bacteriochloro­
phyll formation was prevented and its concentrations 
diluted. %en these bleached cells were exposed to light 
and air no change in growth or viability was observed. It 
was also suggested that the presence of carotenoids in 
non-photosynthetic bacteria is to protect the cells from
' 24 -
aerobic photosensitivity. They suggested that the high 
concentration of carotenoids in reproductive cel.Is was 
associated with the exposure of these cells to high light 
intensity. Similarly, stimulation of carotenoidjproduction 
by light in bacteria (Mycobacterium sp.) and in fungi
; ' I
(Neurospora) may be explained in terms of the protective 
role of carotenoids.
Carotenoidless cells may be produced by treatment 
with diphenylamine (.DBA ), an inhibitor of the conversion 
of colourless polyenes to coloured carotenoids (Kunisawa 
and Stanier, 1958). Stanier and Cohen-Bazire (1958) used 
this technique on the purple bacterium Rhodospirillum 
rubrum and produced an organism in which coloured carotenoid 
synthesis was inhibited and more saturated (colourless) 
polyenes accumulated. These D PA . treated cells were 
comparable to mutant strains of Rhodolseudomonas spheroides 
as both organisms accumulated phytoene, phytofluene and 
carotene as the precursors of carotenoid synthesis. DBA ' . 
treated cells of R. rubrum and mutant cells of R.spheroides 
were both photosensitive to light in the presence of 
oxygen. This means that loss of coloured carotenoids 
eliminated genetically by mutation or physiologically, by 
growth in the presence of' DBA renders the organism 
photosensitive. With DBA treated cells when the inhi­
bitor was washed out, the accumulated polyenes could be 
converted to the coloured carotenoids in the light under 
anaerobic conditions or in the dark under aerobic conditions.
The photosensitivity induced in R. rub nom by growth with 
diphenylamine rapidly diminished when normal carotenoid 
synthesis was resumed after removal of the inhibitor. It 
was also established that the photosensitizing pigment in
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the blue green mutant of R. spheroides was intracellular 
bacteriochlorophyll. The bacteriochlorophyll of the mutant 
is chemically indistinguishable from that of the wild type. 
It is effective for photosynthesis. It can catalyze 
photooxidation if the coloured carotenoids are replaced by 
phytoene.
In addition,photobleaching was also observed in 
bacteriochlorophyll under the conditions of photosensiti­
zation but the rate of bleaching was slower than the rate 
of photokilling.
Dworkin (1958) studied the phenomenon of photo­
killing in blue green mutant strains of R. spheroides 
and found a temperature coefficient (Q 10)of 1 for 
photo dynamic killing between 4^ —  40° C indicating that 
the reaction is photochemical. He also found that there 
was no measurable destruction of bacteriochlorophyll at 
6° C but between 20 and 30°C the Q 10 for bacteriochloro­
phyll destruction was 3.7. From this it appears that 
bleaching of bacteriochlorophyll is a chemical reaction 
consequent on the initial photochemical reaction but not 
a part of it.
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,.E. PROTECTION BY CAROTENOIDS IN 
NON-PHOTOSYNTHETIC BACTERIA
Photosynthetic bacteria contain high concentrations 
of an endogenous photosensitizer, bacteriochlorophyll. 
Photodynamic death can occur if there is no protection by 
carotenoids. But in the case of non-photosynthetic 
bacteria the presence of an endogenous photosensitizer can 
be demonstrated only with the use of high intensities of 
light or the carotenoid protective function can be demons­
trated with the use of an exogenous photosensitizer and 
low light intensities.
Mathews (1963) while working with different photo­
sensitizers showed that some of them do not require oxygen*' 
She was comparing lethal photosensitization of S. lutea 
using toluidine blue or 8-methoxypsoralen. She noticed 
that the latter compound could exert its lethal photosen­
sitization effect in both aerobic and anaerobic conditions. 
In fact oxygen could inhibit the activity. Also she 
observed that photokilling of bacterial cells sensitized 
by 8-methoxypsoralen was not protected by carotenoids, 
whereas photokilling sensitized by toluidine blue was 
oxygen dependent and here carotenoids showed protection. 
According to Blum (1941) the term photodynamic action can 
only be applied to dye or pigment sensitized photoreactions 
in which molecular oxygen is consumed. Therefore, not 
every bacteriocidal effect of light with a. photosensitizer 
should be classed as a photodynamic effect. On the basis 
of investigation with photosynthetic bacteria, Stanier and 
Cohen-Bazire (1957) postulated that carotenoid protection 
from photodynamic killing may be a universal phenomenon
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and can be extended to non-photosynthetic bacteria. This 
hypothesis helps to explain the distribution of carotenoid 
pigments to those non-photosynthetic bacteria which are 
exposed to light and oxygen under their normal condition
of growth.; The possibility .of photooxidative dainage by
!
chlorophyll does not exist, but heterotrophic organisms 
do contain pigments such as porphyrin derivatives 
(cytochromes) and flavins etc. with the ability to catalyze 
photooxidation (Blum, 1941, Burchard and Dworkin, 1966 
and Burchard et alL. 1966).
Kunisawa and Stanier (1958) while working on wild 
type and carotenoidless mutant strains of Corynebacterium 
poinsettiae failed to get an aerobic photosensitivity of 
the mutant strains in the absence of an exogenous photo­
sensitizer even though they exposed the strains to 4000 ■ 
foot, candle of white light for four hours. But ■; they 
succeeded in getting a marked difference in photosensi­
tivity between wild t)q>e and mutants when subjected to a 
light intensity of 1000 foot candles and air in the 
presence of low concentration of toluidine blue. They 
found that this was a 'true photodynamic effect as when 
air was replaced by nitrogen there was no difference of 
activity in wild type and mutant strains of the 
bacteria.
Non-pigmented cells in which-the normal carotenoids 
were replaced by a colourless polyene, phytoene either 
in ultraviolet-induced mutants or in wild type cells 
grown in the presence of diphenylamine, showed similar 
enormously increased photosensitivity to visible light. 
Kunisawa and Stanier (1958) also found that wild type 
and mutant strains were almost equally sensitive*to
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ultraviolet light (wave length not given) and there was 
no measurable difference in viability after irradiation. 
This indicated that.the photosensitivity of the mutant 
strains was specific to visible light.
Since Kunisawa and Stanier (1958) failed to get a 
photodynamic effect in C. poinsettiae in the absence of 
added photosensitizer, they could not justify the presence 
of carotenoid in non-photosynthetic bacteria. But later, 
Mathews and Sistrom (1959) working on the non-photosyn- 
thetic yellow bacterium S. lutea known to contain coloured 
carotenoid pigments, pointed out that an endogenous photo­
sensitizer of non-photosynthetic bacteria may show little 
absorption above 500 nm, and the previous experimental 
light source, the tungsten lamp, may have given low 
energy output in the blue region of the spectrum.. They 
therefore used direct sunlight for their experiment and 
proved that a carotenoidless mutant obtained by ultraviolet 
light treatment was killed in the presence of light and 
oxygen, while the wild type remained viable. They observed 
no photokilling when the mutant was illuminated in nitrogen 
rather than oxygen. They therefore concluded that the 
effect they observed was photodynamic and that the carote­
noid even protected non-photosynthetic bacteria from lethal 
effects of light and oxygen in the absence of an exogenous 
sensitizer. Hence they supported Stanier and Cohen-Bazire 
(1957)*s suggestion that carotenoid pigments in bacteria 
are a function of their environmental condition. They 
suggested that all aquatic bacteria should be expected to 
have carotenoid pigments if they are exposed to light and 
air in nature. Wright and Rilling (1963) worked on Myco­
bacterium sp. and found photodynamic killing in mutant
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cells by using an endogenous photosensitizer and bright 
light 7400 - 10,000 foot candles between 360 nm and 590 nm. 
The killing did not occur in nitrogen. They also found 
that the rate of .killing was slower in pigmented than 
in carotenoidless cells.
Mathews and Sistrom (1960) also demonstrated that 
white mutants of S. lutea could be killed by low intensity 
light of 1000 foot candles in the presence of air and 
toluidine blue while the wild type remained viable under 
these conditions.
Since carotenoids are located in the cell membranes 
(Mathews and Sistrom, 1959), the membrane may be the site 
of photodjmamic action. Mathews and Sistrom (1960) 
observed a change in permeability during photodynamic 
action. They made use of a dye (ANSA.) sodium-8-anilino-l- 
naphthalene sulphonate which when conjugated to proteins 
is fluorescent but not otherwise. They found that this 
dye entered only those cells whose permeability barrier 
was changed and became fluorescent on contact with the 
cellular protein. The mutant cells showed stronger 
fluorescence with ANSA than the pigmented strain when 
illuminated in the presence of toluidine blue, light and 
air. These experiments were carried out at 6.5° G and 
34° C and the increase in permeability was indicated by 
the increase in fluorescence. The decrease in viable 
counts was independent of temperature, the temperature 
coefficient being 1.18. If the increase in permeability 
was not a consequence of a photochemical reaction but a 
chemical reaction then there would have been a higher 
temperature coefficient. The simultaneous decrease in 
viable counts and increase in permeability suggests that
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a breakdown in the permeability barrier might be the 
cause of photodynamic action. When they compared these 
results with experiments in which the cells were killed 
by polymixin an agent known to kill cells by disrupting 
the permeability barrier, they found that the increase 
in permeability caused by polymixin was 4-5 times greater 
than that caused by photo dynamic action. From this they 
concluded that the change in permeability of the cells 
was not the primary lethal event during photodynamic 
killing.
They also found that two enzymes, succinate dehy­
drogenase and NADH oxidase, were inactivated almost 
totally when mutant strains were illuminated in air and 
toluidine blue. The rate of enzyme inactivation was 
temperature independent; therefore, they suggested the 
primar}'" event in photodynamic killing may be the inacti­
vation of different enzymes.
Mathews and Krinsky (1970) worked on wild type and 
mutant strains 2a and 2b of S. lutea. Mutant strains were 
prepared by exposing wild type yellow S. lutea to the 
mutagen, ethyImethane-sulphonate (EMS). Both of these pale 
yellow mutants contained less carotenoid than did the wild 
type. A white mutant of yellow S. lutea was prepared by 
ultraviolet light treatment. When toluidine blue was used 
as an exogenous photosensitizer, they found a more rapid 
killing of white mutant cells than the wild type, but still 
the pale yellow mutants showed partial protection against 
lethal photodynamic effects. However the protection was 
very small as compared to that of the wild type.
Mathews and Sistrom (1959) showed that 
carotenoid pigments are localized in the membrane
presumably along •.with the photosensitizer. With the lower 
concentration of carotenoid pigments per cell in mutants 
2a and 2b there is less chance that the pigment will be 
close to the photosensitizer. Hence there will be less 
protection if protection involves direct interaction 
between the carotenoids and the photosensitizer. They 
also suggested that the mechanism by which carotenoid 
protects cells may be by ability to inhibit photooxidation 
through quenching the excited singlet state of oxygen 
(Foote and'Denny, 1968). In this case the inhibition is 
dependant on the concentration of carotenoid used.
Acridine orange a photosensitizing dye is believed 
to alter cellular DNA and this may be the primary lethal 
event. Working on wild type and carotenoidless mutant 
strains of S. lutea Roth (1967) found that carotenoid 
pigments failed to prevent the lethal action of acridine 
orange on bacterial cells in the presence of light. It 
was also found that colourless mutants appeared in numbers 
much greater than th^ mutation rate. This indicated 
that exposure to acridine orange and light resulted in 
changes in the DNA of the exposed cells. The effect of 
acridine orange was also studied on the membrane enzymes 
and it was found that NADH oxidase which is a membrane- 
bound enzyme (Mathews and Sistrom, 1959), was destroyed in 
colourless cells but that of pigmented cells was not 
affected, whereas adenosine deaminase (a cytoplasmic 
enzyme, Mathews and Sistrom, 1959) was inactivated to the 
same extent in both pigmented and non-pigmented cells.
From this she concluded that carotenoid pigments which 
are located in the cell membranes were able to prevent 
destruction of membrane bound enzymes by acridine orange,
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even though the carotenoids could not prevent the lethal 
effect of this dye.
Mathews (1964) studied the photosensitivity of a 
pigmented strain of S. lutea at 4° C and at 34° C and 
found that at 4° C carotenoid protection is not as great 
as at 34° C regardless of whether an endogenous or an 
exogenous photosensitizer was used. She also observed a 
shorter lag period at 4° C than at 34° C. She suggested 
that this could be due to the inhibitory effect of enzymes 
necessary for the protective mechanism at low temperature. 
Wright and Rilling (1963) working on Mycobacterium sp. 
observed photokilling of the pigmented cells at 0° C and 
a lag period before the onset of the killing of the cell. 
They also found that the carotenoids of their Mycobacterium 
sp. were rapidly bleached under the conditions of high 
light intensity which they used. The greater protection 
by carotenoid at higher temperature observed by Mathews 
(1964) and the greater carotenoid pigment formation at 30°
C (Mathews, 1963) led Wright and Rilling (1963) to offer 
an explanation as to how the carotenoids protect. They 
suggested that either carotenoid synthesis occurs at the 
same rate as the carotenoid bleaching which would allow 
constant protection or the carotenoid is involved in an 
enzymic process which would serve to protect the cells 
from the lethal photodjmamic effects. Dworkin (1959), 
Wright and Rilling (1963) and Mathews (1963) reached the 
conclusion that light and oxygen are lethal to carotenoid­
less cells and stimulate the carotenoid synthesis, thus 
developing .a protective mechanism against photodynamic 
effects.
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Mathews and Krinsky (1965) tested S. lutea with 
visible light and ionising radiations, Y -rays. X-rays 
and UV light and concluded that carotenoid pigments did 
not protect against lethal effects of ionising radiations.
Epel £t al. (1970) found that blue light under 
aerobic conditions inhibited the respiratory activity in 
the yeast cells. They also observed that irradiation 
destroyed cytochrome oxidase activity in yeast and in 
beef heart mitochondria. Brodie (1966) did not find any 
effect of 360 nm. light on cytochromes in M. phlei.
Prebble and Huda (1972 and 1973) and Huda (1970) 
working on the respiratory electron transport chain of 
S. lutea reported that NADH, malate and succinate oxidase 
activities were affected by illumination with visible 
light (with and without an exogenous photosensitizer). They 
reported the following sites of the electron transport chain 
were affected by light an exogenous photosensitizer.
1. Malate dehydrogenase flavoprotein.
2. A site on the reducing side of the malate
dehydrogenase complex.
3. A site beyond the dehydrogenase complex
which was observed in non-pigmented 
membranes only.
- They suggested that this last site which is beyond 
the dehydrogenase complex is protected by carotenoids.
With an exogenous photosensitizer (toluidine blue) 
the sites affected were the malate dehydrogenase system, a 
site close to the succinate dehydrogenase and the terminal 
oxidase system. The carotenoid protection in this case was 
random as evidenced by the reduced photoinhibition of 
every site in the presence of carotenoids (Huda, 1970, 
Prebble and Huda, 1973),
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F. MEMBRANES OF GRAM-POSITIVE BACTERIA
The cell membrane is the site of carotenoid, and 
hence presumably the site of photodynamic action.
The cytoplasmic membrane (with any mesosome) is 
the only membrane present in most bacteria, therefore 
there are several functions attached to it. The main 
functions are - respiration, absorption and excretion, 
cell wall synthesis and the translocation of solutes 
and chemical groups from one side of the membrane to the 
other. The cell membrane is also the site of those enzyme 
reactions which are normally associated with the particu­
late rather than the soluble phase of the cell and these 
reactions include cell wall synthesis.
Due to their delicate nature, the intact cytoplasmic 
membranes may be isolated from cells by carefully digesting 
the cell wall enzymatically. The most popular methods used 
for isolation of bacterial membranes involves an enzyme, 
lysozyme, which completely dissolves the cell wall of some 
Gram-positive bacteria. In an isotonic medium (0.8 — 1.0 M. 
sucrose) the protoplast remains intact and becomes rounded 
but a sharp reduction in osmotic strength leads to the 
disruption of the cytoplasmic membrane and release of the 
cell contents. Weibull (1953) using this technique 
prepared membranes from Bacillus megaterium.
Simpler intra-cytoplasmic membrane systems called 
mesosomes have also been found in Gram-positive bacteria 
(Ryter, 1968), but the complete removal of mesosomal 
material from cytoplasmic membranes is extremely difficult 
because mesosomes are anatomically connected to cytoplas­
mic membranes (Ghosh and Murray, 1969). Consequently, the
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distribution of membrane-bound enzymes between the mesosome
and plasma membranes hasv not been determined with
certainty. The functioning of the cytoplasmic membranes
+2is critically controlled by the Mg concentration. 
(Weibull,1956, and Reavely and Rogers, 1969).
The cytoplasmic membrane - mesosome system of Gram- 
positive bacteria accounts for 16-30% dry weight of cells 
depending on the organism (Salton and Freer, 1965). The 
membrane consists mainly of protein and lipid. Bacillus 
subtilis contains 55-64% of protein and 10-19% lipid 
(Bishop £t al. 1967). Micrococcus lysodeikticus contains 
50% of protein, 28% of lipid, and 15-20% carbohydrate 
(Gilby £t 1958). S. lutea contains 40% protein, 29% 
lipid, 10% carbohydrate and 10% nucleic acid (Brown, 1961).
Membranes of Gram-positive bacteria are devoid of 
cholesterol (Razin et al. 1963). This distinguishes them- 
from those of higher microorganisms, animals, plants and 
pathogenic mycoplasma which possess steroids. It is 
thought that some of the cholesterol functions may be 
performed by carotenoids (Smith, 1964). In his opinion 
carotenoids in bacteria like sterols in mitochondria are 
responsible for the structure of the membranes and bring 
about transport of fatty acids and sugars through the 
membranes by the formation of glycosides or carotenoid 
esters.
The presence of carotenoids in bacterial membranes 
has been demonstrated in several investigations. (Mathews 
and Sistrom, 1959; Gilby et al. 1958; Stephens and Starr, 
1963 and Sasaki, 1964). The important process of energy 
conversion (photosynthesis and respiration) in bacteria 
ise associated with membranes, but bacteria do not have
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mitochondria or chloroplasts. However, mitochondrial 
membranes are more limited than those of bacterial 
membranes. Bacterial membranes are involved in a number 
of specific processes which are not performed by mitochondria 
such as cell division, cell wall synthesis
G. ELECTRON TRANSPORT PARTICLES IN BACTERIA.
Electron transport particles are derived from the 
membrane and have a complete or partial electron • 
transport chain (Cota-Roble s et al. 1958; Gray ^  al. 1966) 
Particles capable of both oxidation and phosphorylation 
activities are coupled electron transport particles.
‘ • For many enzymic studies in bacteria (particularly 
those resistant to lysozyme treatment) drastic procedures 
are involved in the disruption of cells to form particles. 
However it has been found that.variation in particle size 
may result in a variable enzyme activity in the same 
species. Brodie found that larger particles of E. coli 
(Brodie and Kashket, 1963-a and 1963-b) and Mycobacterium 
phlei (Brodie and Gray, 1957) were inactive in coupling 
phosphorylation to oxidation whereas smaller particles 
showed coupled activity. It was initially concluded that 
small particles are not derived from large particles as 
the activity exhibited by small particles is not found in 
large particles. Thus the ability to exhibit coupled 
electron transport is dependant on the method of cell 
disruption. The more probable explanation about this 
variable activity is that large particles are pieces of 
membranes whereas small particles are intact vesicles. All 
phosphorylation systems appear to require vesicles.
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The chief components of electron transport particles j
are proteins, phospholipids, quinones; . cyto- |
chromes and carbohydrates. Like other electron transport |
particles cytochromes and quinones are also localized in |
■ ' I
the membranes (Miltzer and Tuttle, 1951; Gel'man et al. |
1967) I' ' : ' i
H. BACTERIAL RESPIRATORY CHAIN !
The respiratory chain of aerobic bacteria contains :
several dehydrogenases, ubiquinones or naphthoquinones ■
r
and cytochromes of groups A, B and G which in many organisms !
i
are arranged as follows :
Dehydrogenases j
(NADH, Succinate, Ubiquinones }
malate, lactate,  ^Naphthoquinones  ^ j
etc.) j
• . [
Cytochrome B —» Cytochrome C Cytochrome A—  ^ }
■ , ■ 1
i. Dehydrogenases |
Bacterial cells contain numerous dehydrogenases^ 
which take part in the TCA cycle and other processes. The 
majority of these enzymes are soluble and are connected
with the respiratory chain only through NAD. The bacterial ;
' j
respiratory electron transport process can begin with [
flavin enzymes,which transfer electrons directly to the I
respiratory chain,rather than to produce NADH, as a conse- ’
■ . ■ I
quence of dehydrogenation of the substrate,. |
Gel’man al.(1967) in a review concluded that
NADH dehydrogenase, malic dehydrogenase and succinic dehy- |
1drogenase are flavin linked enzymes and are membrane-bound ;
' . ■ . k
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with the exception of succinic dehydrogenase which may be 
present in soluble fractions in some bacteria. Brodie and 
Gutnick (1972) in their review pointed out tha.t the properties 
of the "soluble" succinic oxidase indicated that this activity 
was due to the presence of small particles or particles with 
a high lipid content, which fail to sediment at a centrifugal 
force applied. Brodie and Asano^  (1964) produced evidence that 
NAD linked dehydrogenases are mostly soluble and present 
in the cytoplasm.
In addition to the firmly bound dehydrogenases there 
are weakly bound types such as malate-vitamin K reductase 
from M. phlei (Asano and Brodie, 1963).
The mitochondrial respiratory chain contains non-haem 
iron and so the bacterial electron transport chain. In 
particular, flavoprotein complexes appear to possess non-haem 
iron proteins. A protein containing non-haem iron has been 
extracted from Azotobacter vinelandii and has been regarded 
as a fragment of NADH dehydrogenase or succinic dehydrogenase 
(Shethna et 1966). Non-haem iron has been reported to be 
attached to flavoprotein dehydrogenases (succinic dehydrogena­
ses) as a prosthetic group in Micrococcus lactilyticus 
(Warringa et al 1958). It has also been suggested that non- 
haem iron is connected with the malate dehydrogenase from 
Acetobacter xylinum (Benziman and Galanter,1964). Weber and 
Rosso (1963) reported the presence of the non-haem iron in 
M.phlei. Non-haem iron has been found in both particulate 
and soluble fractions in M. phlei, whereas iron associated 
with cytochromes is found exclusively in electron transport 
particles (Brodie and Kurup, 1967). In M. phlei non-haem iron 
exists mostly or entirely in the ferric state and it is 
attached to the protein through cysteine-sulphur bridges
(Brodie and Kurup, 1967). Parachloromercuribenzoate (PCMB) 
a sulphydryl reagent produced marked inhibition on D-lactate 
oxidation in E. coli which was .reversed by dithiothreitol 
providing further evidence of the involvement of sulphydryl 
groups in the respiratory chain (Kaback, 1972). He suggested 
the position of a sulphydryl group between D-lactate 
dehydrogenase and cytochrome b^of the respiratory chain. 
Moreover he suggested that electrons coming from 
flavoproteins reduce a critical disulphide in the "carrier" 
molecule. The reduced sulphydryl group from the "carrier" 
is then oxidised by cytochrome b^and the electrons follow 
through the remainder of the cytochrome chain to reduce 
molecular oxygen to water.
ii. Ubiquinones and Naphthoquinones
Ubiquinones and naphthoquinones are found in 
bacterial cells. Gram-positive bacteria do not contain 
ubiquinones. Ubiquinones predominate in Gram-negative 
bacteria, but the latter may contain both ubiquinones and 
naphthoquinones (Bishop et al^ 1962 and Pandya £t ^  1961).
Quinones are also respiratory carriers in micro­
organisms and present in cell membranes. They are believed 
to transfer electrons from dehydrogenases to cytochrome b. 
Some bacterial quinones have also been found in the soluble 
fraction and since they have the same chemical structure 
as the bound quinones, it is thought that the soluble 
portion is derived from the particles during cell disruption 
(Brodie, 1965).
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ill. Cytochromes
Cytochrome pigments which are the terminal respi­
ratory carriers are present in the cell membrane fractions 
and may be solublized or disrupted into smaller fragments 
by a long ultrasonic treatment. Cytochromes can be divided
into four main groups -- A,B,C and D --- according to the
nature of the haem of the prosthetic groups. The terminal • 
oxidases of bacteria are those which interact with the 
final electron acceptor (oxygen, nitrate or sulphate, etc) 
In contrast to mitochondrial cytochrome oxidase a+a^, thee 
terminal oxidases of bacteria may be different. They 
include cytochromes a, a^ , a^ , a^ and o, characterised by 
definite absorption bands in the visible region (590-635 
nm). Cytochrome a^ is the terminal oxidase in Acetobacter 
pasteurianum (Castor and Chance, 1955). In other bac­
teria (Azotobacter chroococcum) cytochrome a, is found 
alongwith a^. In E. coli cytochrome a^ and a^ are found 
in conjunction with cytochrome o (Arima and Oka, 1965 b).
In some bacteria (S. lutea) the terminal oxidase is 
a+a^ but its properties are different from those of mito­
chondrial cytochrome oxidase since it does not oxidise 
cytochrome c from tissues of animal origin (Smith, 1954 b; 
Yamanaka and Okunuki, 1964).
The prosthetic group of bacterial cytochrome C is 
mesohaem (like that of heart-musele cytochrome). However 
the protein components of these cytochromes vary consider­
ably. The relative amount of cytochrome c and c^ in 
bacteria vary. In Mycobacterium tuberculosis cytochrome 
c^  is found in the absence of cytochrome c (Goldman et al.
1963). Cytochrome c^ , c^  and c^ are found only in bacteria 
and vary from organism to organism (Gelman et al. 1967).
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Bacterial cytochromes of type B also vary according 
to organism. Cytochrome b is found in Bacillus subtilis 
S. lutea and Staphylococcus albus; and M. lysodeikticus and 
E. coli contain cytochrome b^ . However the positions of 
their absorption peaks vary. Group B cytochromes of bacteria 
like bacterial cytochrome b are unable to react with CO, 
cyanide or azide (Jackson and Law^ ton, 1959; Pappenheimer 
et al. 1962). Cytochromes of group B precede cytochrome C 
in the respiratory chain. Cytochromes B in bacterial elec­
tron transport chain are on the pathway of electron transfer 
from NADH as well as from succinate and several other 
■respiratory chain substrates (Pappenheimer et 1962; Lara 
1959; Ishikawa and Lehninger, 1962, and Asano and Brodie,
1964).
iv. Respiratory Chain of S. lutea
Erickson and Parker (1969) investigated the membrane 
bound respiratory system of the Gram-positive bacterium 
S. lutea and found that the election transport system
contained cytochromes a^ g^, b^ ^g; ^557» ^554' °549'
a menaquinone MK-8, NADH, malate and succinic dehydrogenases. 
They also found that unlike the mammalian system the 
bacterial respiratory chain is not inhibited by antimycin 
A and lias a low sensitivity to rotenone. KCN, HOQNO, Pierci- 
din and 360 nm light effectively inhibited the system
On the basis of their findings they suggested the 
following scheme for the electron transport system in 
Sarcina lutea.
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Substrate-^FP-^^IK-8, Cyt. b^^y, cyt. b^^^--> ?— ^  0^
! I
Jcyt. cyt. c^^gj
^yt. ®598’ cyt. -----» Og
A carotenoidless mutant of S. lutea exhibited 
identical properties except that there was no detectable 
succinic oxidase activity and there was an 8 fold increase 
in malate oxidase activity-and response to inhibitors 
was similar.
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I. CONCLUSION
Carotenoid pigment of non-photosynthetic and photo­
synthetic bacteria protect the organism from high light 
intensities in the absence of an exogenous photosensitizer 
and it has also been shown that in the presence of a small 
amount of an exogenous photosensitizer even a low light 
intensity can cause photodynamic killing.
Carotenoids have been reported to be present in the 
membrane and so are the respiratory chain enzymes.
Several investigators have studied enz^ mie lability, 
viability, permeability and temperature effects in 
relation to photodynamic action and the protective role 
of carotenoid. It is thought that the primary lethal 
event of aerobic photosensitivity may involve enzymes of 
the respiratory chain.
Huda (1970), Prebble and Huda (1972, 1973) reported, 
following their studies on the membrane-bound respiratory 
chain, three sites of photoinactivation in the membranes 
of S. lutea, malate dehydrogenase - flavoprotein, a site on the 
reducing side of flavoprotein dehydrogenase and another 
site beyond the dehydrogenase complex (observed in white 
membranes only), and suggested that this last mentioned 
site is protected by carotenoids.
I chose to work on the respiratory chain of S. lutea 
to study the nature of these light affected sites 
mentioned by Prebble and Huda (1972) and to attempt to 
elucidate the specific role of carotenoids in protecting 
the membrane enzymes from aerobic photosensitivity.
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2. MATERIALS AND METHODS
1 ' ' ' I . . . . . ■ in
A. Chemicals
Nutrient broth and nutrient agar were obtained from 
•Qxoid, London, U.K. Vitamin K^ and 2-heptyl-4-hydroxy 
quinone-N-oxide (HOQNO) were obtained from Sigma Chemical 
Company, S. Louis, M.O., U.S.A. PhenazLne.
methosulphate (PMS ), NADH, lysozyme, sodium borohydride, 
sodium hydrogen malate, sodium succinate, ascorbic acid, 
dichlorophenol indophenol, cysteine, tetramethy1 phenylene 
diamine (IMPD) were obtained from B.D.H. Chemicals Ltd., 
Poole, England.
B. The Strains of Bacteria
Pigmented and non-pigmented strains of S. lutea 
used in the present studies were from the departmental 
collection. Wild type was numbered as D. 3 and the 
carotenoidless mutant of this strain prepared by ultra­
violet irradiation was UV 4. The properties of the strains 
have been described previously (Prebble and Huda, 1973).
All strains of S. lutea used in this study were maintained 
on nutrient agar slopes which were stored in the cold room.
C. Culture Methods
Culture media were prepared by dissolving 13 grams 
of nutrient broth granules in a litre of distilled water. 
About 100-150 mis of broth were used in 250 ml flasks for 
pilot cultures and about 500 mis were used in flat bottom
•• A 6 '
1 litre culture flasks for growing experimental material. 
Flasks plugged with cotton wool and covered with tin foil 
were autoclaved at a pressure of 15 lbs per square inch 
for 15 minutes.
A loopful from a nutrient agar slope was used to 
inoculate a pilot culture which was kept in a shaking 
incubator (about 70 oscillations / minute)at 28o G for 
about 24 hours. 1 litre flasks containing 500 mis of 
sterilized nutrient broth were inoculated with about 5 mis 
of pilot inoc'iulum per flask and flasks were incubated 
with shaking overnight at 28* C.
D. Preparation of Membranes
 ^ An overnight culture of pigmented or non pigmented
S. lutea was checked under .the micrope and harvested at 
room temperature by centrifugation at 9000 r.p.m. ( g 
value 16,200) for 10 minutes. The pellet was suspended 
in a medium containing 1.25 M. sucrose in phosphate buffer
0.05 M. pH 6.9 and made up to 15 mis (per 500 mlcvuitcLyc) 
7.5 mg lysoz^ mie (25,000 units/mg) were dissolved in 10 mis 
of sucrose buffer solution completely and mixed thoroughly 
with a cell suspension by homogenising with a hand homo- 
geniser. The preparation was allowed to stand for about 
15 minutes with occasional stirring. After incubation the 
protoplasts were spun do’^m at 5° C at 18,000 rpm (g value 
38,000) for 20 minutes. The cell protoplasts were 
suspended in cold phosphate buffer 0.05 M. containing IX 
NaCl for 10 minutes in ice and occasionally stirred gently
The suspension was then centrifuged at 15,000 rpm for 10 
minutes at 5° C. The pellets were resuspended in 1% 
-sodium chloride-phosphate buffer 0.05 M. pH 7,
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kept in ice for 10 minutes and centrifuged again. The 
pellets were suspended in phosphate buffer 0.05 M. pH
6.9-7 containing Mg Cl,. 0.0005 M. This final suspension
\was examined under a phase contrast microscope to ensure
Ithat ghost; membranes had been obtained. The final MgCl2 
buffer suspension was also homogenised to make it uniform.
Shah and King,(1965a), Prebble and Huda (1973) found 
that prolonged incubation with lysozyme was associated 
with a loss of succinate oxidase activity. Therefore, 
during the membrane preparation, incubation with lysoz^ nme 
was kept to 15 minutes.
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E. Illumination Apparatus
The high intensity, air-cooled, illumination 
apparatus fitted with 1000 Watt halogen bulb, reflector 
and lenses was designed by the department(Fig. 1). The 
perspex cuvette (together with light filter) was water- 
jacketed and connected to a temperature controlled water 
bath through rubber tubing. To prevent sedimentation of the 
membrane preparation during illumination the cuvette was 
equipped with a small motor-operated, variable speed stirrer 
To measure the intensity, of light the apparatus was fitted 
with a photoelectric cell(Fig.l and 2).
F. Illumination of Cell or Membrane Suspensions
A light filter was fixed in the illumination apparatus 
(between the source of light and the cuvette) before illumi­
nating the preparation. Bacterial preparations of reasonable 
enzyme activity and known optical density (membrane suspens­
ions which upon 1 in 5 dilution gave 0.4 to 0.6 optical
were found having reasonable enzyme activity) were 
placed in two perspex cuvettes jacketed by constant temper­
ature water. While one sample was being illuminated,the other 
control sample was kept in the dark under identical conditions. 
Both control and illuminated samples were kept stirred. After 
the required light dose the light could be cut off by insert-- 
ing a blind shield in front of the light source. Under the 
experimental conditions a slight amount of light from 
laboratory ceiling lamps could not be screened from the top 
of the cuvettes during sampling.
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!Figure 1.
Illumination Apparatus
1. Reflector
2. Bulb
3. Lenses
4. Cuvette
5. Photoelectric Cell
6. Filter Compartment
rw
-3
-4
Figure 2.
The Perspex Cuvette
1. Outlet Rubber Tubing
2. Filter Compartment
3. Stirrer Motor
4. The Cuvette
G. Experiments on Cell Viability
Overnight gro^m cultures of wild t}^e S. lutea 
and the carotenoidless mutant were prepared as described 
earlier and harvested by centrifugation. The cells were 
suspended in phosphate buffer 0.5 M. pH 6.9-To containing 
MgCl^ 0.0005M. The preparation was diluted so that the 
optical density of the preparation was about 0.6 at 600 
nm. Such a preparation possessed a reasonable enzyme 
activity for the assay methods described below. The cell 
suspension was illuminated as above. Samples were taken 
at suitable intervals in sterile test tubes. The malate 
oxidase activity of each sample was measured. The cell
Dsuspension was diluted three times to final 10 dilution 
in sterile phosphate buffer 0.05 M. This was repeated 
with every sample and 0.02 ml of aliquots were plated out
in triplicate on sterilised nutrient agar petri dishes. 
The dishes were kept in 26° C incubator for three days 
after which the colony count was made.
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H. FOLAROGRAPHIC ASSAY METHODS
i, ; Oxygen Electrode Apparatus
Malate oxidase, malate dehydrogenase, succinate- 
oxidase, succinate dehydrogenase, malate and succinate- 
vitamin (menadione) reductase, ascorbate-cytochrome C 
oxidase, NADH oxidase and lactate oxidase activities were 
measured on a Beckman 39550 oxygen electrode assembly.
The oxygen sensor was designed specifically for the 
measurement of oxygen dissolved in samples using the 
Beckman 100801 field lab TM oxygen analyzer. The analyzer 
was connected to a Bryan*s chart recorder, model 27000 
with variable chart speeds via a zero suppressor and 
; scale expander.
The essential features of the oxygen electrode 
and the experimental arrangement for its. use in this 
investigation are given in figures 3a and 3b.
ii. Calibration of Apparatus
Daily calibration of oxygen electrodes:
Distilled water was saturated with oxygen at 30° C 
(7.78 ppm) by mixing thoroughly on a whirlmixer and trans­
ferred to the reaction vessel. The scale was calibrated 
at 7,78 ppm (i.e. 7.78 parts of 0^  iu 1 million parts of 
fluid) at 30° C, the solubility of oxygen at 30° C. Full 
scale deflection on the chart recorder was adjusted so 
that 0-20 cm was equivalent to 10 ppm. • The volume of the. 
reaction vessel (cuvette) was 1.28 ml. The chart speed 
was adjusted to 1 cm per minute.
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10mm
A - -
C - -
D - -
E —
—  G
Figure 3a. The Oxygen Electrode and Reaction Vessel
A - sensor; B - saturated KCI; C - teflon membrane;
D - plastic cap; E - reaction vessel; F- rubber 0 ring; 
G - perspex water jacket; H - magnetic stirring bar;
I - perspex capillary plug for opening for reactant 
additions; J - rubber 0 ring.
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Figure 3b.
The Oxygen Electrode and Reaction Vessel
1. Reaction Vessel (The Cuvette)
2. The 0^  Electrode
iii. Calculation
Suppose the raté of reaction is = 0.5 ppm. per 
minute; this is equivalent to 0.5 x 10  ^x 1.28 x 10  ^
= 0.04 atoms of oxygen per minute.
iv. Assays of Malate, Succinate, 
Lactate and Ascorbate Oxidases
0.5 ml of membrane preparation was added to 0.5 ml 
of 0.1 M. substrate pH 7 and 1.0 ml of phosphate buffer
0.05 M. pH 7 and brought to 30° C in a constant temperature 
water bath. After thorough aeration with the whirlmixer, 
.oxygen uptake was assayed in the electrode assembly, (Fig 3b) 
and expressed as /.ig atoms of ox^ ^^ gen uptake per minute 
per mg protein.
V. Malate Dehydrogenases
The malate dehydrogenase activity was assayed as 
above on the oxygen electrode by the reduction and auto­
oxidation of phenazine methosulphate (PMS). The assay 
mixture normally contained 0.3 ml membrane preparation,
0.1 ml PMS 0.009 M., 0.1 ml azide 1 M. , 0.5 ml substrate
0.1 M. pH 7 and 1.0 ml phosphate buffer 0,05 M. pH 7.
The enzyme assay was carried out as mentioned above. 
The activity was expressed as ^ g atoms oxygen uptake per 
minute per mg protein.
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/vi. Malate  Succinate —  Menadione Reductase
The malate and succinate-menadione reductase
H'
activities were measured by autoxidation of reduced 
menadione in the oxygen electrode. The assay medium 
was composed of 0.5 ml substrate 0.1 M. pH 7, 0.5 ml 
membrane, 0.1 ml menadione 0.01 M., 0.1 ml azide 1 M. 
and 0.8 ml phosphate buffer 0.05 M. pH 7. The total 
volume became 2 ml. The activity was assayed on the 
oxygen electrode as stated above and expressed as p.g 
Atoms oxygen uptake per minute per mg protein.
V  ujblS-fce. ioe.yc f lo e v o i w k t v t
vii. Cytochrome Oxidase
The ascorbate-cytochrome oxidase activity was
assayed on the oxygen electrode. The assay mixture
“• 2contained 1 ml of membrane, 0.2 ml ascorbate 10 M.
_ q
pH 7 in buffer, 0.4 ml TMPD 10 M. in buffer, 0.4 ml
phosphate buffer 0.5 M. pH 7. The reaction mixture was
oincubated together to bring to 30 C and a blank was 
prepared with ascorbate without membrane. The activity 
was assayed as described above and expressed as pg. atoms 
oxygen uptake per minute per mg. protein.
viii. NADH Oxidase
The NADH oxidase activity was measured in the 
oxygen electrode. The assay medium was composed of 0.2 ml 
membrane preparation in phosphate buffer, 0.2 ml of 0.1% 
NADH solution in usual phosphate buffer and 1.6 ml of 
phosphate buffer 0.05 M. pH 7. The activity was measured
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as jug. atoms oxygen uptake per minute per mg. protein.
I. SPECTROPHOTOMETRIC ASSAYS
A Beckman model D.B. spectrophotometer was used 
with cuvettes having a 1 cm light path. The reactants 
were equilibrated at 28-30° C before mixing and the 
spectrophotometer water jacket was maintained at 28-30°C.
i. Malate-DCPIP and NADH-DCPIP Reduction
Reduction of dichlorophenol-indophenol (DCPIP) was 
measured spectrophotometrically by a loss of absorption 
at 600 nm. The reaction mixture contained 0.2 ml of 
membrane in buffer, 0.5 ml malate 0.1 M. pH 7 (or 0.3 ml 
of 0.1% NADH solution in buffer which was added immediately 
before putting the cuvettes in the spectrophotometer) 0.1 
ml azide 1 M., 0.3 ml DCPIP 0.00053 M. and made up the 
volume to 3.0 ml with phosphate buffer (0.05 M. pH 7).
The reaction was measured against a blank which contained 
all the components except the enzyme. The reaction was 
linear with time for nearly 2 minutes. The activities are 
expressed as p. moles DCPIP reduced per minute per mg 
protein.
A  A 600
W X  7.00
WhereA A 600 is change in absorbance at 600 nm. 
per minute and W is protein (mg) in the 3.0 ml of assay 
mixture.
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ii. NADH Oxidase
NADH oxidase activity was assayed spectrophoto­
metrically using an incubation mixture containing 0.2 ml 
membrane preparation and 0.3 ml of 0.1% NADH solution in 
phosphate buffer (pH 7 ) . .
3.0 ml with usual phosphate buffer«,w>^ /^ 6
cuvette of 1 cm optical path. The decrease in absorbance 
at 340 nm. was measured. The activity was expressed as 
ji moles of oxygen uptake per minute per mg. membrane 
protein.
A A 340
W X 3.11 X 2
Where A A 340 is the change in absorbance at 340 
nm. per minute and W is the protein (mg} per cuvette of
3.0 ml.
iii. Dehydrogenase Assays
NADH dehydrogenase activity was assayed spectro­
photometrically at 420 nm. The assay medium contained
0.2 ml membrane, 0.3 ml ferricyanide 0.1 M., 0.1 ml azide
1.0 M. and 2.2 ml of 0.5 M. phosphate buffer pH 7. 
Immediately before assay 0.2 ml of 0.1% NADH solution in 
buffer was taken in spectrophotometric cell and rest of 
the mixture was poured in.
The activity is expressed as p  moles NADH oxidised 
per minute per mg. membrane protein.
_ A A 420 per minute
1 X 2 X mg protein in cuvette
WhereA A 420 is the change in absorbance
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J. PROTEIN ESTIMATION
The membrane protein was estimated by the Folin and 
Lowry method (Lowry ^  1951).
K. ASSAY OF MENAQUINONE CONTENT OF MEMBRANES
Menaqninone was assayed by a modified method of 
Kroger and Dadak (Kroger and Dadak, 1969).
i.Extraction of Vitamin K from S. Lutea
Membranes prepared by the usual method with 1"/ 
lysozyme treatment, were suspended in the incubation 
medium which contained 0,1 M. triethanolamine hydro­
chloride and 20 mM MgCl^ at pH 7.2 (Kroger and Dadak, 
1969), and 50% v/v methanol and acetone were added in 
the following ratios approximately;
Incubation medium  ............ 0.5 ml
Membrane ............ (approx.) 1 mg
Acetone ....................  1.5 ml
Methanol ................... 1.5 ml
After 30 minutes the mixture was shaken with 1 ml 
of petroleum ether (b.p. 40-60) then allowed to stand 
for a minute so that phases separated. If no separation 
occurred then it was shaken with a small volume of 10% 
aqueous sodium chloride and left to stand for a minute. 
The upper light petroleum phase was removed, the lower 
phase was re-extracted with 1 ml of light petroleum and 
the combined petroleum ether phases evaporated. The
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residue was dissolved in ethyl alcohol. Under these 
conditions menaquinone* is recovered fully oxidised 
(Kroger and Dadak, 1969).
ii. Determination of Menaquinone MK (Oxidised)
Menaquinone was determined spectrophotometrically 
by recording the absorption difference at 26^ and 289 
nm. which occurred on the complete reduction of MK 
(oxidised) by sodium borohydride in the presence of 
acetate buffer. Menaquinone (reduced) is auto-oxidised 
under the alkaline conditions caused by the addition of 
NaBH^ or KBH^. For the assay of pure vitamin K^ complete 
reduction was achieved by the addition of 2-4 ;u litre 
of 0.4 M. sodium acetate buffer pH 5.4 followed by 2-6 
yi litre of an aqueous solution of sodium or potassium 
borohydride (5 mg/ml) to 1.5 ml of ethanolic solution of 
vitamin K^ .
The amount of acetate buffer and borohydride 
recommended by Kroger and Dadak (1969) for a complete 
reduction of extracted menaquinone from the membrane was 
found to be inadequate and was therefore increased. ( 2ml 
of MK extract in ethanol 4- 30 1 of buffer and 35-40 p  1
borohydride).
The complete reduction of pure vitamin K^  ^by this
method was demonstrated by Kroger and Dadak (1969) who
showed that the molar difference absorbance coefficients
of MK at 265-289 nm. is (<5 red - 6 ox).^- --
-1 -1. (d red - (5 ox).on ” -14.7 mM .cm 289 nm.
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iii. Preparation and assay of Vitamin
0.10 gm lipid was dissolved in 5 ml ethyl alcohol 
and 0.012 gm vitamin K^was dissolved in 7 ml ethyl alcohol.
0.40 ml of the lipid and 0.40 ml vitamin Resolutions were 
mixed in 5 ml phosphate buffer and sonicated
for 3 minutes. More buffer was added to make a total volume 
of 10 ml and this was sonicated again for 2 minutes.
For extraction of vitamin (phy1loquinone) 4 ml of 
ethyl alcohol and 10 ml of petroleum spirit (b.p. 40-60) 
were added,shaken for 15 seconds and left to stand for 30 
seconds. 1 ml of the light petroleum epiphase was evaporated 
to dryness, redissolved in 10 ml ethyl alcohol and assayed 
by the reduction method using 2.5 ml of ethanolic 
solution for each assay.
L. CAROTENOID EXTRACTION
1. Alcoholic Extraction
The membranes obtained from one 500 ml culture 
were shaken with 20 ml ethyl alcohol and 20 ml of acetone 
for half an hour. 10 ml of petroleum ether (b.p. 40-60) 
was added and the phases were separated by shaking with 10 ml 
of 10% sodium cloride. The top light petroleum layer was 
removed, evaporated to dryness and redissolved in 10 ml 
ethyl alcohol for assays.
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ii. Extraction of Carotenoid with Detergent 
(Khan*s Method Unpublished).
Membranes of S. lutea were prepared as above and were 
incubated with^qual volûmes of 2% w/v emulphogene BC 720, 
homogenised and left overnight. The homogenate was spun at 
18,000 rpm (g value 38,000) MSE 18 for 30 minutes. The pellet 
was discarded and the supernatant of bright yellow colour 
which will be called the emulphogen extract was subjected to 
sucrose gradient electrophoresis (Hjerten and Johansson 1972). 
The emulphogene extract was layered on the top of a sucrose 
gradient column and covered with buffer. A potential of 350 
volts was applied along the column for 14 hours. At the end 
of this period the Ccl^o Ve.yy,otd'. had migrated half way 
through the top sucrose ‘ ^
was taken out and dialyzed against phosphate buffer (0.05 M.) 
for 2 hours. The extract was subjected to phase partition 
technique using three polymers, Dextran 500, Ficoll and 
polythelene glycol 6000. These substances were mixed in the 
ratios of 440 mg Dextran, 480 mg Ficoll, 320 mg of Polythelene 
glycol 6000, 760 mg of H^O and 4 mis of the extract (Albertsson 
1973).
The mixture was shaken to dissolve the polymers and then 
centrifuged at 1000 g for 10 minutes at 25°C to separate three 
phases.
Most of the coloured material was in the top phase while 
most of the proteins in the extract were found in the remaining 
two phases. The carotenoid was removed by means of Pasteur 
Pippette and used for the experiment.
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Table 1 a. Light Filters Used
Wide Band Filters
OY 13
Red
Green
Purple
Peak 
Wave 
Length 
( nm. )
530 -
615 -
540-575
396-483
Peak 
Trans- 
mission 
(%age)
83
88
79
79
Band
Width
Lnw.)
470 nm half
maximum
transmission.
607 nm half 
maximum 
transmission.
78
105
Narrow Band Filters
409 409
418 418
429 429
440 440
450 450
459 459
460 460
462 462
469 469
478 478
493 493
511 511
519 519
32 
36 
35 
29 
38
40.5
33 
40 
50 
50 
47 
50 
50
7 
10
8 
11
5
5 
8 
8 
9 
9 
9 
9
6
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Table lb. Estimated Light Intensities for Irradiated 
Preparations.
Filter Light Intensities (W/m )
409
418
429
440
450
459
460 
462 
469 
478 
493
Purple
Green
Red
0Y13
HiA
2.00
6.00
7.00
7.00
6.00
15.00
15.00
15.00
22.00
23.00
30.00
150.00
400.00
150.00
532.00
Lower or 
Moderate
2.00
2.00
2.00
3.00
3.00
4.00
19.00
50.00
19.00
67.00
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PHOTOSENSITIVITY OF THE RESPIRATORY CHAIN
A.General
The lethal effects of visible light on living 
organisms have been summarised in chapter 1. Most of the 
work concerned with protection by carotenoid of non-photo- 
synthetic bacteria from photodynamic action has involved 
the use of S. lutea. These studies have been made mostly with 
whole cells (Krinsky, 1968 and Krinsky 1971). In many cases 
an exogenous photosensitizer such as toluidine blue has been 
used to demonstrate photodynamic killing of the organism. 
Mathews and Sistrom, (1960) and Hilda, (1970) also observed 
lethal effects of light even without an exogenous photosensi­
tizer.
Using the endogenous photosensitizer with high light 
intensities, photokilling was demonstrated with viable count 
experiments. The reasons suggested for death included membrane 
damage leading to increased permeability and photoinactivation 
of one or more enzymes.
Unlike most of the previous investigations the work 
to be described here has used mainly^cell membranes where 
the caroteneids and enzimies are located. Thus permeability 
changes are excluded as a likely cause of photoinactivation. 
Membranes were prepared after the cells had been disrupted 
by degradation of the wall with lysozyme. The work involved:
i) a study of the enzyme activities in the membranes 
of S. lutea by using different substrates, 
artificial electron acceptors and respiratory 
chain inhibitors.
ii) a comparison of the enzymic activities in pig-. 
mented and non-pigmented membranes.
iii) extraction of vitamin K and carotenoids from the
cells or membranes to study the carotenoid effect.
iv) Viable colony count experiments.
B. THE EFFECTS OF ILLUMINATION AT DIFFERENT WAVE 
LENGTHS ON MALATE OXIDASE AND MALATE-MENADIONE 
REDUCTASE ACTIVITIES IN THE MEMBRANES OF 
SARCINA LUTEA
In the initial experiments the malate, succinate 
and lactate oxidase activities were measured with 
sonicated and lysozyme prepared membranes. The results 
in Table 2 show that from a sonicated preparation, 
particulate malate oxidase activity was double that of 
the soluble fraction, particulate succinate oxidase 
activity was almost three times that of the soluble portion 
and particulate lactate oxidase activity was almost half 
of that of particulate succinate oxidase activity.
However, in lysozyme preparations of membranes, 
malate oxidase activity was very much more pronounced than 
succinate or lactate oxidase activities. This is consis­
tent with previous findings of Huda, 1970, and Shah and 
King, 1965, who also found that in lysozyme prepared 
membranes succinate oxidase activity was low.
The inhibitory effects of visible light on the 
respiratory electron transport chain of different organisms 
have been studied by different workers (Roth, 1967;
Mathews, 1963; Epel et 1970; Martin et 1974;
Prebble and Huda, 1973, and Huda, 1970).
Previous work reported in Huda's Ph.D. thesis (1970) 
involved the use of colour filters. With an OY 13, a wide 
band simple colour-glass filter which cuts wavelengths 
below 440 nm, he observed an inactivation by light without am: 
exogenous photosensitizer, on roalate oxidase and malate- 
menadione reductase .activities in the pigmented and non- 
pigraented membranes of S. lutea. The primary purpose of
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Table 2. Experiment to Show activities of malate,
Succinate and Lactate oxidation in sonicated 
and lysozyme prepared membranes of S. lutea
Activities expressed in^g. atoms 0^ uptake/ 
minute/mg. protein.
Sonicated Preparation
Particulate malate oxidase 0.051
S^oluble malate oxidase 0.026
Particulate Succinate Oxidase 0.034
^Soluble Succinate Oxidase 0.014
Particulate Lactate Oxidase 0.021
Lysozyme Preparation
Particulate Succinic Oxidase 0.013
Particulate Lactate Oxidase 0.010
Particulate Malate Oxidase 0.100
For every enzyme assay 0.5 ml of membrane enzyme 
was used.
For other experimental details and assay method 
see chapter 2.
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initial studies was to find an effective wavelength of 
light that exerts this inhibitory effect. Membranes of 
S. lutea were prepared as explained in chapter 2. These showed 
good activity with malate as substrate.
Irradiation with OY 13 filter caused an inactivation 
of malate oxidase and malate-menadione reductase activities. 
The results in Table 3 show that three hours of illumination 
(OY 13) caused almost 50% inactivation of the malate-mena­
dione system and about 30% of the malate oxidase system.
The transmission spectrum of the OY 13 filter suggests that 
light causing the effect must be of wavelengths above about 
440nm. It was considered desirable to determine the wave­
lengths of visible light causing enzyme inactivation.
i. Illumination of Membranes Using Wide Band 
Interference Filters
Experiments using a green filter transmitting wavelen­
gths 520-590 nm and moderate light intensity showed that 
three hours of illumination to pigmented membranes of S. lutea 
produced no effect on malate oxidase and malate-menadione 
reductase activities (Table 4). Similar results were obtained 
when the membranes of non-pigmented S. lutea were similarly 
subjected to this green light.
Having failed to obtain an inhibitory effect with the 
green filter, a red light filter transmitting 600-650 nm 
light was tested. Results obtained with this filter also 
showed no effect on the activities of malate oxidation and 
malate-menadione reduction. Non-p igmented membranes were also 
not effected by the red light.
The results above suggest that light beyond 520 nm.
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Table 3. Effect of Moderate Intensity LightSo«rc.e
Using OY 13 Filter on Pigmented Membranes
of Sarcina lutea
Activities expressed in jug. atoms 0^ uptake/ 
minute/mg. membrane protein.
Time Malate Oxidase Malate-Menadione Reductase
Minutes Control Illumi- Control Illumi­
nated. nated
0 0.118 0.118 0.44 0.45"
30 - - - 0.39
40 - 0.089.
60 0.100 - 0.45 0.37
80 — 0.080 — — 
100 - - - 0.29
120 - - 0.39 O.^ o
140 - 0.059 - . -
150 0.111 - - -
180 0.118 0.054 0.39 0.27
oThe membranes were illuminated at 10 C using 
intensity of light w/m =67 For malate 
oxidase assays 0.5 ml membrane was used and 
for malate-menadione 0.3 ml. See chapter 2 
for details of experimental procedures, 
illumination and assay methods.
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Table 4. Effect of Moderate Intensity Light
(520-590 nm.) on Malate Oxidase and 
Ma late“Menadione Reductiase Activities 
in the Membranes of Sarcina lutea
Activities expressed in atoms 0^  
uptake/minute/mg. membrane protein.
Time __ Pigmented______________ Non-Pigmented
of
Malate- Malate-
Malate Menadione Malate Menadione
Oxidase Reductase Oxidase Reductase
Ill­
umi- 
nat­
ion. II lu- II lu- Il lu- Illu-
Minu- mina- mina- mina- minâ­
tes. Control ted Control ted Control ted Control ted
0 0.063 0.075 0.14' O.lV 0.183 0.183 0.34, 0.34
30 . - 0.14 ) 0.14 - 0.183 - -
60 - - - 0.14.^ - - 0.34 \ 0.34 '
90 0.075 0.075 - 0.1 - 0.189 0.194
120 - - 0.l4-> - ' 0.189 0.194 0.33 0.34'
150 — - - 0.14 — — — —
180 0.075 0.075 0.14 0.14 0.194 0.194 0.34 0.33
The membranes were illuminated at 10° C 
using light intensity w/m^ =50 . The 
assay mixture for malate oxidase contained 
0.5 ml of membrane preparation and malate- 
menadione assay mixture contained 0.2 ml 
of membrane.
See chapter 2 for experimental details.
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do not have an inhibitory effect on the malate oxidase 
activity in S. lutea, but the wave lengths in the blue 
region of the spectrum do cause inactivation. To test 
this a purple filter which transmits wave lengths 380-520nm. 
was used. With the purple filter,substantial inactivation 
was observed even when the illumination time was not as 
long as 2 hours. In Table 5 it can be seen that in 
pigmented membranes with 80 minutes illumination, nearly 
64% of the malate oxidase activity and about 31% of 
menadione reduction was lost. In non-p igmented membranes 
35 minutes illumination caused about 50% inactivation of 
malate oxidase and nearly 14% of menadione reductase 
activity. It also appears that 20 minutes illumination 
inactivated the malate oxidase system to the same extent 
in both pigmented and non-p igmented systems.
ii. Illumination of Membranes Using Narrow Band .
Interference Filters
Since light in the region of the purple filter is 
destructive to some enzymic activities in the membranes 
of S. lutea, work was carried out using narrow band filters 
(band width about 8 nm) of the purple filter region, i.e. 
wave lengths from 380-520 nm.
illumination with 519 nm produced no effect. This 
confirms the previous findings that the green filter 
produces no damage to malate oxidase activities.
Results obtained with 511, 493, and 478 nm. light on
pigmented membranes of S. lutea are given in Table 6. 493 
and 511nm produced no effect after two hours illumination 
whereas with 478nm there may be an effect on the malate. 
oxidase activity.
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Table 5. Effect of Moderate Intensity Light Source 
Using Purple Filter ( 380-520 nm. )
on Malate Oxidase a.nd Ma late-Menadione 
Reductase Activities in the membranes 
of Sarcina lutea
Pigmented Membranes
Time of 
Illumi­
nation
Minutes
0
20
40
50
60
80
Malate Oxidase
Illumi- 
Control nation
0.085
0.080
0.080
0.052
0.040
Ma lat e-Menadione 
Reductase______
Illumi- 
Control nation
0.38
0.38
0.083 0.030
0.3 5T 
0.32' 
0.3O
0.26
Non-Pigmented Membranes
0
12
20
30
35
0.066
0.054
0.066
0.050
0.040
0.030
0.37 0.37/
0.37 0.34;
0.32
Activities expressed in jag. atoms 0^  
uptake/minute/mg. membrane protein.
The membranes were illuminated at 10° C 
using intensity of light w/m^=19 For 
malate oxidase assays in the pigmented 
and non-pigniented membranes 0.5 ml of 
membrane was used and for malate menadione 
reductase assays 0,3 ml membrane in the 
case of pigmented and 0.2 ml for non­
pigment ed.
See chapter 2 for other details.
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Table 6. Effects of light (wavelengths 511, 493
and 478 nms.) on pigmented membranes of 
S.lutea.
Activities expressed in jLLg.atoms 0^ up take/min ./mg. membrane
protein.
Wave­
lengths .
Time 
(mins. )
Malate oxidase Malate-menadione.
Control Illum­
inated
Control Illumi­
nated
0 0.103 0.103 0.29 , 0.28.
25 — — — 0.2 gd 0.22)
70 0.110 0.103 —— ——
511 90 — — — — —- 0.22
120 0.103 0.103 —— - -
150 — — — — — — 0.28
210 0.100 - - 0.28 0.28
0 0.083 0.083 — —
493
60 0.110 0.105 . 0.3% 0.31
120 0.110 0.110 0.33. 0.3/
180 0.110 0.095 0.33.' 0.28 ;
0 0.064 0.059 0.13 0.14
60 0.064 0.059 0.13 1 0.14
478 120 0.059 0.054 — — 0.13^
150 — — . -- 0.13
180 - - — — 0.16 — —
The membranes were illuminated at 8°G using moderate 
intensity light (Table lb). For malate oxidase 0.5ml. and 
for malate-menadione 0.3ml. of membrane preparations were 
used. For details of experimantal procedures, illumination 
and assay methods see chapter 2.
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Malate oxidase activity in the non-p igmented membranes 
was inhibited with 478 and 493 nm to a measurable extent, 
but with 511 nm there was no effect (Table 7 ). Malate-mena­
dione reductase activities like those in pigmented membranes 
were not effected with any of these filters except with 478nm.
Effect of irradiation with 450, 459, and 469 nm
filters produced an inhibitory effect on malate oxidase and 
malate menadione reductase activities in the membranes of 
S. lutea showing that this region of the spectrum of visible 
light Is effective..With these filters the size of effect was 
nearly equal and the malate oxidase inactivation was between 
20-30% (Table 8-9 ) which was considered suitable for further 
study of the properties of the respiratory chain in the 
membranes of S. lutea. Therefore interference filters of 
wavelengths ranging 459-469 nm were used for further studies. 
Experiments showed that irradiation which caused inactivation 
to the malate oxidase system, or the malate-menadione 
reductase system in S. lutea, also inhibited the activities 
of other enzyme systems in S. lutea. NADH oxidase, lactate, 
oxidase, succinate oxidase, dehydrogenases of malate succinate 
and NADH etc. were inactivated by the irradiation with these 
filters. Results of these experiments are given in 
Tables 10 and 11 where 469 nm filter was used and Tables 
12 and 13 where 459 nm filter was used.
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Table 7. Effects of Light on
Non-Pigmented Membranes of S. lutea
Using Narrow Band Filters (Interference)
^511, X493 , and X478 nanometers
Activities expressed in pg. atoms 0^  
uptake/minute/mg. membrane protein.
Malate-Menadione 
Malate Oxidase Oxidase
Wave Time Illumi­ Illumi­
Lengths Minutes Control nated Control nated
0 0.104 0.104 0.33:/ 0.31
30 - 0.102 — -
511 nm. 60 0.104 - 0.30 : 0.3Ù
90 - 0.106 - -
120 0.100 0.098 0.30 _ 0.31
0 0.087 0.089 o.3r%/ 0.37;
30 0.086 0.085 - 0.37
493 nm. 60 0.086 0.081 0.37 0.37
90 0.091 0.084 0.37j 0.37/,
120 0.091 0.082 - 0.37,,
0 0.096 0.096 0.17; 0.17.
30 0.096 - 0.16 -
478 nm. 50 - 0.086 - 0.16.
90 0.100 0.087 0.15. 0.14 :
100 0.100 0.085 0.14'. 0.13
The membranes were illuminated at 8 C 
using moderate intensity light (Table lb). 
For malate oxidase 0.5 ml and for malate- 
menadione reductase 0.3 ml of membrane 
preparations were used.
See chapter 2 for experimental details. 
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Table Effect of Moderate Intensity Light 
on the Membranes of Sarcina lutea Using 
450 and 459 nm Narrow Band Filters.
Activities expressed in png. atoms 0^  
up take/minute/mg. membrane protein.
Illumi­
nation
Wave Time 
Lengths Minutes
Malate Oxidase
Illumi- 
Control nated
Malate-Menadione 
O x i d a s e ____
Illumi- 
Control nated
450 nm.
0
35
60
90
100
120
140
0.10,
0.1)
0.1)
0.10 
0.10 
0.1 0:
0.- ID 
O.JO
0.36, 0.31-
0.3g 0.30
469 nm.
0
30
60
120
0.12
0.12
0.12
0.12
0.12
0.10
0.09
0.417 0.28:
0.41? 0.28
The membranes were illuminated at 8^  C 
using moderate intensity light (Table lb). 
For menadione reductase assays 0.3 ml 
membranes were used for 450 assays and
0.2 ml for 469 assays. For malate 
oxidase 0.5 ml membranes were used.
See chapter 2 for experimental details.
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Table 9.
Q sUYCC.
Effect of Moderate Light Intensity/.( 459nm) 
on the Malate Oxidase and Malate-Menadione 
Reductase Activities of Sarcina lutea.
Activities expressed in jig. atoms Og 
uptake/minute/mg. membrane protein.
Pigmented Membranes
Illumi­
nation
Time
Minutes
Malate Oxidase
Illumi" 
Control nated
Malate-Menadione 
Reductase______
Illumi- 
Control nated
0
30
60
90
105
120
150
0.100 0.100 
0.100
0.083
0.100
0.100 0.068
0.23 \
0.23Ï1 O.lo
0.25/ 0.17
Non-Pigmented Membranes
0
30
60
80
90
0.104
0.101
0.100
0.104
0.082
0.082
0.072
0.45" 0.43
0.43
0.40
0.36
Membranes were illuminated at 8 C.using 
moderate intensity light (W/m =2). For 
malate oxidase assays 0.5 ml of membranes 
were used and for malate menadione reduc­
tase assays 0.5 ml were used in non-pigmented 
and 0.3 ml in pigmented assays.
See chapter 2 
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for experimental details.
Table 10.
Sovvce
Effect of Moderate Intensity Eighty ( 469 nm) 
on Various Enzyme Activities in the 
Pigmented Membranes of Sarcina lutea
Activities expressed in jug. atoms O2 
uptake/minute/ mg. membrane protein.
Enzyme System Control
Illumi- Membrane 
nated used(mls.).
Malate oxidase 0.133 0.105 0.5
Succinate oxidase 0.016 0.014 1.0
Malate Menadione 
Reductase
0.680 0.363 0.1
Succinate mena­
dione reductase
0.120 0.023 0.2
NADH oxidase 0.225* 0.119* 0.1
NADH menadione 
Reductase
0.427 0.317 0.1
Lactate oxidase 0.008 0.006 1.5
Lactate menadione 
Reductase
0.016 0.014 0.5
p. moles NADH oxidised/min./mg. 
protein.
Illumination was done at 8° C, using 
moderate intensity light(W/m^ =3)for 2 hours
See chapter 2 for experimental details.
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Table 11. Effect of 469 nm Light on Various Enzyme
Activities in the Non-Pigmented 
Membranes of Sarcina lutea
Activities expressed in jag, atoms O2 
up take/minute/mg. membrane protein.
Enzyme System Control Illuminated
Malate Oxidase 0.095
Malate Menadione 0.278
Reductase
0.069
0.175
Malate Oxidase 
+ TMPD
0.250 0.186
NADH oxidase 0.177 0.105'
p moles NADH oxidised/min./mg. protein.
Membranes were illuminated at 8 C, 
using moderate intensity light ( 469 nm. ) 
W/m^= 3 . for two hours. For NADH 
oxidase 0.1 ml of membrane was used, 
for malate menadione reductase 0.3 ml 
and for malate oxidase with and without 
TMPD 0.5 ml was used.
See chapter 2 for experimental details.
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Table 12. Effect of 120 minutes . : Illumination 
Using Moderate Intensity Lighé^ ’^C 459nm) 
on Malate Oxidase Activity in the 
Pigmented and Non-Pigmented 
Membranes of Sarcina lutea.
Activities expressed in ^ ig. atoms O2 
uptake/minute/mg. membrane protein.
Experiment
No.
Pigmented Membranes
Illumi- 
Control nated
Non-Pigmented 
Membranes.____
Illumi" 
Control nated
1
2
3
4
5
6
0.069 0.052
0.108 0.078
0.102 0.078
0.087 0.065
0.044 0.034
0.103 0.077
Temperature of illumination was 8 C. 
Moderate intensity light source was used 
(W/m^=2). Experiments cited above were 
done on different days with fresh membrane 
preparation using 0.5 ml of membrane 
every time. Rest of the procedure can 
be seen in chapter 2.
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Table 13 Effect of Moderate Intensity Light 
(459 nm.) for 2 Hours Illumination on 
NADH Oxidase Activity in the membranes 
of Pigmented and non-Pigmented S. lutea.
Activities expressed in pug. atoms 0^  
uptake/minute/mg. membrane protein.
Pigmented
Membranes
Illumi- 
Control nated
Non-Pigmented 
Membranes___
Illumi- 
Control nated
NADH
Oxidase
0.125 0.096 0.108 0.076
Malate
Oxidase
0.060 0.041 0.125 0.091
Temperature of illumination was 8 C. 
Moderate intensity light source was used. 
(W/m^= 2). Experiments cited above were 
done on different days with fresh 
membrane preparation using 0.5 ml of 
membrane every time. Rest of the 
procedure can be seen in chapter 2.
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4. PROTECTION BY CAROTENOIDS
A. GENERAL
As mentioned earlier many workers have shown that 
carotenoid pigments of photosynthetic and non-photosyn­
thetic bacteria can protect cells against the damaging 
effects of visible light in the presence of either exogenous 
photosensitizing dyes or endogenous photosensitizers such 
as bacteriochlorophyll or other porphyrin compounds, e.g. 
protoporphyrin IX (Burchard and Dworkin, 1966; Kunisawa 
and Stanier, 1958; Mathews and Sistrom, 1960; Prebble and 
Huda, 1973 and Huda, 1970).
As reported earlier in this chapter certain enzyme 
systems in S. lutea were affected by irradiation with 
visible light and effective wavelengths were found to 
study the properties of the respiratory chain in relation to 
illumination and the protective action afforded by 
carotenoids.
Since carotenoids are present in the cell membranes 
and most of the enzyme activities are also localized in the 
membranes it is quite understandable that the illumination 
effect which causes inactivation to the different enzyme 
systems in S. lutea may be inhibited by the carotenoids. 
Recently Mathews (1967) has shown that only membrane -bound 
enzymes are protected by carotenoids.
Enzyme activities of the membranes of S. lutea 
(pigmented and non-pigmented) were compared in relation 
to protection by carotenoids. Membranes of pigmented and 
non-pigmented S. lutea were studied for their ability to 
oxidise different substrates. The results described above 
showed that malate oxidase, NADH oxidase, succinate oxidase, 
malate-menadione reductase, malate, succinate and NADH 
dehydrogenases were all active and oxidation..ratès for
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pigmented and non-pigmented membranes were all comparable 
suggesting that the presence or absence of carotenoids does 
not influence the oxidation reactions themselves without 
illumination.
B. Effect of 120 Minutes Illumination on the 
Membranes of S. lutea with a Moderate 
Intensity Light Source, Using A 459 Filter.
Membranes of S. lutea prepared by lysozyme treatment 
have a pronounced malate oxidase activity. The effect of a 
moderate light intensity on the malate oxidase activity was 
studied without an exogenous photosensitizer such as toluid- 
ine blue in the pigmented and non-pigmented membranes of
S. lutea . It can be seen from the results in Table 12 that in 
both the pigmented and non-pigmented membranes , the malate 
oxidase activity was depressed. This suggested that photo­
dynamic action involving the respiratory system can occur in 
the presence of an endogenous photosensitizer which is already 
present in the membranes and which becomes active at high 
light intensities. However the results of six experiments 
given in the Table 12 show almost an equal inactivation 
of malate oxidase in both pigmented and non-pigmented memb­
ranes and this suggests that for longer times of irradiation, 
though the inactivation was limited , carotenoids did not seem 
to have given any protection.
The activity of the malate oxidase plus TMPD system was 
also not protected by carotenoids.Irradiation lowered the acti­
vity by nearly 24% in the pigmented and 22% in the non-pigmen­
ted membranes. This suggested that the addition of TMPD to 
malate oxidase has probably bridged a photosensitive site in 
malate oxidase(Table 13and 14)However the level of inactivation
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in both pigmented and non-pigmented is the same thereby 
showing no protection by carotenoids (Table 14).
Menadione is a naphthoquinone (a homologue of menaquinone), 
which acts as an artificial electron acceptor in the malate- 
menadione reductase system and like the other above mentioned 
systems this is also sensitive to light. The inactivation of 
malate-menadione reductase activities in both pigmented and 
non-pigmented membranes was nearly 30% (Table 14). It can be 
seen that the carotenoids have shown no protection. This 
confirms the previous finding of Huda (1970) where he could 
not get a protection by carotenoids to malate-menadione reduc­
tase and malate-PMS reductase.
NADH oxidase of S.lUtea is very active. Like malate 
oxidase it is also affected by irradiation of 459 nm. and the 
inactivation is almost of the same size as that of malate 
oxidation. Here again the carotenoids do not seem to protect 
significantly at this longer illumination time (Table 13) 
although inactivation in the pigmented system is slightly bigger.
The NADH-menadione reductase system is also very active.
It is affected by illumination with 459 nm. Two hours illumina­
tion decreased the activity to nearly 25% in both pigmented 
and non-pigmented membranes. Table 14 shows that carotenoids 
protection has not been afforded. In fact the inactivation of 
the system slightly smaller in non-pigmented than in pigmented 
membranes.
Moderate-intensity 459 nm. illumination for two hours 
depressed succinate and lactate oxidase activities. The same 
preparations showed greater effect on malate oxidase than on 
succinate or lactate oxidase.However the magnitude of photoinacti­
vation was nearly same in both pigmented and non-pigmented 
membranes. This thus suggested that neither of these activities
were protected by carotenoids under these conditions of the 
experiment (Table 15).
Table 14. Effect of 120 Minutes Illumination on 
Different Enzyme Activities in the 
Pigmented and Non-Pigmented Membranes 
of Sarcina lutea.
Activities expressed in jng. atoms 0^  
uptake/minute/mg. membrane protein.
Pigmented Membranes
Illumi- 
Control nated.
Non-pigmented 
Membranes._____
Illumi* 
Control nated
Malate 
Oxidase 
+ TMPD
0.104 0.077 0.086 0.069
Malate
Menadione
Reductase
NADH
Menadione
Reductase
0.50.:,
0.43
0.3S"' 0.6/*'
0.31:
0.44
0 .2 4
*ju moles NADH oxldised/minute/mg, 
membrane protein.
Membranes were illuminated at ^ 8^  ^C, 
using moderate intensity light*T459 nm.) 
W/m^= 2 • For malate oxidase + TMPD 
assay 0.5 ml, for malate-menadione 0.3 
and for NADH 0.1 ml membrane was used.
For other experimental details 
see chapter 2.
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Table 15.
Sot/rc.^
Effect o f L i g h t  Intensity,..^ on 
Succinate Oxidase and Lactate Oxidase 
Activity in the Membranes of S. lutea.
Substrates
Activities expressed in^g. atoms 0^  
uptake/minute/ mg. membrane protein.
Pigmented Membranes
Illumi- 
Contrbl nated
Non-Pigmented 
Membranes_____
Illumi- 
Control nated
Malate
Oxidase
0.148 0.114 0.053 0.041
Lactate
Oxidase
0.016 0.014 0.011 0.009
Succinate
Oxidase
0.018 0.016 0.013 0.011
Illumination was done at 8 C, using  ^
moderate intensity light (459 nm. )W/m =2 
for 2 hours. For malate oxidase assays
0.5 ml of membrane was used and for 
succinate oxidase 1ml and for lactate 
oxidase assays 1.5 ml was used.
For details see chapter 2.
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c. 50 Minutes Lower Intensity (459nm.) Illumination.
50 minutes illumination with 459 nm. depressed 
activities of NADH oxidase, malate oxidase and malate 
oxidase + TMPD in both pigmented and non-pigmented 
membranes of S. lutea (Table 16).. As expected the 
light effect was smaller than obtained for 120 minutes 
illumination in all the three cases but the difference 
between yellow or white preparations was not significant. 
However the effect on malate menadione reduction and 
NADH menadione reduction was almost nil in both pigmented 
and non-pigmented systems.
D. 35 Minutes Lower Intensity (459nm>) Illumination.
After 35 minutes illumination NADH oxidase, malate 
oxidase and malate oxidase + TMPD activities were 
inhibited to a much greater extent in the non-pigmented 
membranes. Malate oxidation was less protected by 
carotenoids in the pigmented membranes.
The effect on malate menadione reduction and NADH 
menadione reduction was almost negligible. The addition 
of TMPD to malate oxidase possibly removes a rate limiting 
light-sensitive step thus showing a clear difference 
between yellow and white systems(Table 16).
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Table 16. Illumination of Sarcina lutea Membranes
Using Moderate Intensity L i g h t 9 L 5 nm
Percentage Photoinhibition
120 Minutes 50 Minutes 35 Minutes
Pigmen Non- Pig Non- Pig- Non-
ted. Pig- mented Pig- mented Pig­
mented mented mented
NADH 27 22 19 21 3 17
oxidase
Malate 24 25 25 19 10 15
oxidase
Malate 21 17 15 13 2 12
Oxidase 
+ TMPD
Malate- 28 33 2 5 0 2
Menadione
Reductase
NADH 18 23 8 10 0 0
Menadione
Reductase
2Light intensity (W/m = 2 ) was used.
See chapter 2 for experimental methods.
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E. USE OF HIGH INTENSITY LIGHT
i. 20 Minutes Illumination
460 nm illumination with the high light intensity
2
(w/m =15 )even after 20 minutes, produced 
sufficiently large effects on enzyme activities in the 
membranes of pigmented S.lutea. The results of the typical 
experiment (Table 17 ) show that the shorter time of illumi­
nation at higher intensity can produce big inhibitory 
effects on the enzyme activities in the membranes. Malate 
oxidase activity was most affected showing 35% inhibition 
while other activities were reduced by 21-25%.
The first segments of malate oxidase (NADH-independent 
malate oxidation) and NADH oxidase are different and probably 
this is why the effect on the NADH oxidation rate is 
different from that on malate oxidase. The malate-PMS 
activity was slightly less inhibited than the malate-menadione. 
A respiratory chain inhibitor, 2-n-heptyl-4-hydroxyquinoline- 
N-oxide (HOQNO) is believed to inhibit before the cytochrome 
b region in S.lutea (Erickson and Parker, 1969). Assay of 
malate-DCPIP reductase using HOQNO as an inhibitor showed 
21% inhibition confirming the inactivation of malate dehydro­
genase as assayed with PMS. Since the photoinactivation of 
malate oxidase in the presence of TMPD is reduced to 22%, it 
again seems likely that TMPD is bridging a photosensitive 
site.
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Table 17. Effect of 20 Minutes High Light 
Intensity 11 luminat icm^% 460 nm) on 
Pigmented Membranes of Sarcina lutea
Activities expressed in jag. atoms 0^  
uptake/minute/mg. membrane protein.
Control Illuminated
Malate Oxidase
Malate-menadione 
Reductase (Malate 
dehydrogenase)
NADH Oxidase
Malate-PMS Reductase 
(Malate dehydrogenase)
Malate+TMPD
Malate-DCPIP
Reductase
+HOQNO
0.092
1.68
0.155'
0.30
0.22-
0.17;^
0.065
1.267
0.116*
0.23:
O.lg 
0.14  "
p. moles NADH oxidised/min./mg. protein
iV
p moles DCPIP reduced/min./mg. protein
Membranes were i 1 luminatsd^at 15 C, 
using high light intensity^/w/m2=15 ) 
for malate oxidase and malate oxidasef 
TMPD assays 0.5 ml membrane was used. 
For other assays 0.1 ml membrane was 
used.
For other experimental details 
see chapter 2.
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F. Carotenoid Protection
The effect of high light intensity (W/m^=22) for 
20 minutes using 469 nm considerably depressed malate 
oxidase, malate-menadione reductase and NADH oxidase 
activities in the : pigmented and non-pigmented membranes 
of S. lutea (Table 18 ). The effect on malate oxidase in 
pigmented and non-pigmented systems was about 27% and 
hence showed no carotenoid protection. This result is 
like that mentioned earlier in that carotenoids may not 
necessarily show any protection against lethal effects of 
light where this causes more than 20% inhibition. NADH 
oxidase however showed a bigger effect in the white mutant 
membranes and comparatively smaller effect in the ; pigmented 
strain. Thus carotenoid has afforded some protection 
though not complete. NADH-menadione and malate-menadione 
reductase activities were also affected but here again 
there was no evident difference between the pigmented and
f
non-pigmented systems. This confirmed Hudas(1970), Prebble 
and Hudafe(1972 and 1973) results that carotenoid has 
no protective effect on these activities with endogenous 
photosensitizer.
i. 15 Minutes High Intensity Illumination
Effect of 460 nm was studied on malate oxidation 
in the pigmented and non-pigmented membranes of S. lutea.
It was found that 15 minutes illumination with narrow 
band filters ( 460, 459 or 462 ) had similar inhibitory
effects on the malate oxidase system, 29% in the non- 
pigmented membranes and 20-22% in the pigmented membranes. 
Several experiments produced similar results. Some of
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Table 18.
(owvce
Effect of High Light Intensity^(469 nm.) 
on the Pigmented and Non-Pigmented 
Membranes of S. lutea and Comparison 
of the Light Effects.
Activities expressed in jig. atoms 0^  
uptake/minute/mg. membrane protein.
Pigmented Membranes
Illumi- 
Control nated
Non-Pigmented 
Membranes_____
Illumi- 
Control nated
NADH Oxidase 0.023' 0.020
NADH-Menadione 0.041" 0.036
Reductase
0.015 0.011
0.024 0.020
Malate
Oxidase
0.059 0.043 0.043 0.032
Ma1ate-Menadione 
Reductase
0.66 0.57 0.54 0.48.
p moles NADH oxidised/min./mg. protein
Membranes were illuminated at 8 C, 
using high intensity illumination 
apparatus. For malate. oxidase assays 
0.5 ml membrane was used and for all 
other assays 0.2 ml.
Experimental details can be seen 
in chapter 2.
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these are given in Tablel9 and represent experiments 
performed on different days with different fresh prepara­
tions. The similarity of the results confirms that 
carotenoids do have some (though not total) protective 
action on the malate oxidation.
ii. Inactivation of Malate Oxidation with 
High Intensity Light ( 460 nm)
It has so far been shown that the malate oxidase 
system in membranes of S. lutea is affected by illumination 
with 460 nm and that 15 minutes illumination can cause an 
effect sufficient to make further studies worthwhile.
, r  ^ In Table 20 the inactivation of malate oxidation with 
increasing dose of 460 nm irradiation has been studied. It 
can be seen that inactivation of malate oxidase in the 
membranes, as stated earlier, is dependant on tie intensity of 
light and period of illumination, that is, the dose of 
irradiation. Inhibition of malate oxidase in the pigmented 
membranes of S.lutea starts appearing after about 4 minutes 
illumination, and up to 12 minutes illumination the effect 
seems to be linear after which further irradiation produces 
smaller effects. The total effect on the pigmented system 
after 16 minutes illumination is 20-22%. In the case of 
non-pigmented it was seen that in the first 2 minutes of 
illumination the effect started to develop and went on incr­
easing with the length of the exposure to light. 16 minutes 
illumination caused an inactivation of 29%%. The bigger 
overall effect after 16 minutes illumination and the earlier 
onset of the malate oxidase inactivation in non-pigmented 
membranes confirms the earlier finding that the presence of
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Table 19.
Filt- Experi- 
ter ment
X(ran) Number
-%
Effect of 15 Minutes II luminat i on
459, 460, 462 nm. filters on Pigmented
and Non-Pigmented Membranes of S. lutea
Activities expressed in p.g. atoms 0^  
up take/minut e/mg. membrane protein.
Pigmented Membranes Non-Pigmented
Membranes
Illumi- Illumi*
Control nated % Control nated
460 -
460
459
459
460 
460 
462 
462 
460 
460
1
2
3
4
5
6
7
8 
9
10
0.065
0.147
0.055
0.063
0.127
0.050 22
0.117 20
0.042 23
0.048' 23 
0.101 20
0.066
0.108
0.078
0.145
0.059
0.047 29
0.076 30
0.056 29
0.103 29
0.040 32
% Percentage inactivation.
oMembranes were illuminated at 15 C.
High light intensity (Table lb.) was used. 
In all the assays 0.5 ml membrane was 
used.
Rest of the method can be seen 
in chapter 2.
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Table 20. Effect of High Light Intensity Souftt 
(460 nm.) on Malate Oxidase Activity in 
Pigmented and Non-Pigmented Membranes 
of Sarcina lutea.
Illumi­
nation
Time
Minutes
Activities expressed in^g. atoms 0^  
uptake/minute/mg. membrane protein.
Pigmented Membranes
Illumi- 
Control nated.
Non-Pigmented
•Membranes
Control
Illumi
nated
0
Repeat
2
4
6
8
10
12
14
16
Repeat
0.090
0.089
0.091
0.091
0.091
0.091
0.091
0.084
0.080
0.076
0.073
0.071
0.071
0.072
0.067 0.067
0.066
0.064
0.062
0.059
0.059
0.054
0.052
0.050
0.071
Membranes were illuminated at 15° C, 
using high intensity light (W/m^l5) 
For all the assays 0.5 ml membrane 
was used.
See chapter 2 for other experimental 
details.
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carotenoids affords some protection in the pigmented 
membranes of S.lutea. The greater effect in white and 
comparatively smaller effect on yellow together with the 
different kinetics of inactivation of the two also 
suggests that there may be more sites of inactivation in 
the respiratory chain of non-pigmented membranes than in the 
chain of pigmented.
Having shown NADH, lactate, succinate and malate 
oxidase activities were effected by high light intensities 
mediated by an endogenous photosensitizer, an attempt was 
made to locate the sites in the respiratory chain of 
S.lutea that might have been inactivated by light. For this 
purpose different electron acceptors such as phenazine 
methosulphate, ferricyanide, dichlorophenol-indophenol 
etc. were used.
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5. LOCATION OF THE SITES OF PHOTOINACTIVATION 
IN THE RESPIRATORY CHAIN
Artificial electron acceptors such as PMS, DCPIP 
\ etc. oxidise flavoprotein dehydrogenases and become 
reduced themselves by trapping electrons at the flavo­
protein level in the transport chain. This technique was 
made use of to study light effects on flavoprotein 
dehydrogenases in the respiratory chain of the membranes 
of S.lutea.
A. Effect of Light on Malate Dehydrogenase
(Malate-PMS Reductase and Malate-Md Reductase)
Malate-PMS and malate-Md reductase activities in the 
membranes were affected by irradiation with 460nm (Tables.17 
and 21). Succinate-PMS and NADH dehydrogenase activities assayed 
with menadione have also shown inactivation by illumination. 
Decrease in the DCPIP reduction rate and menadione 
reduction all confirmed Huda (1970)*s finding that flavo- 
proteins in the respiratory chain of S. lutea are one type oj 
site of inactivation. Results in Table 21 (t^ ’pical of 
many experiments) show that flavoproteins in pigmented and 
non-pigmented membranes were affected. Like malate oxidase, 
malate dehydrogenase inactivation also increased-with time 
( Thble 22). 15 minutes illumination produced about 20% 
inactivation on phenazine methosulphate reduction in the 
non-pigmented membranes and almost the same degree of 
inhibition in pigmented membranes, showing that the presence 
of carotenoids did not produce a protective effect against 
lethal photoinactivation which confirms Huda (1970), Prebble 
and Huda (1972).
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Table 21. Effect of Light on Flavoprotein Dehydro­
genase as Evidenced by the Reduction 
of Various Electron Acceptors.
%age of inactivation.
Activity Filter Time of 
illumi­
nation.
Pigmented Non-
Pigment ed
Malate-PMS
Reductase
460 15 20 19
Malate-DCPIP
Reductase
460 20 25
Malate-DCPIP
Reductase
469 20 25 28
NADH-Menadione
Reductase
459 120 22 20
NADH-Menadione
Reductase
459 120 24 26
Malate-PMS
Reductase
0Y13 55 23 25
Malate-Mena- 0Y13
dione Reductase
40 20
Succinate-PMS
Reductase
Malate-Md
462
460
20
15 21 23
Time of illumination is expressed in 
minutes.
* Lower light intensity (Table lb). 
**High light intensity (Table lb).
See chapter 2 for experimental 
procedures.
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Table 22.
Soiz-rce
Effect of High Intensity Lights(460 nm. ) 
on PMS Reduction in the Pigmented 
and Non-Pigmented Membranes of S. lutea
Activities expressed in ug. atoms O2 
uptake/minute/mg. membrane protein.
Illumi- Pigmented Membranes
nation _________________
Time
Minutes Control
Illumi­
nated.
Non-Pigmented 
Membranes
Control
Illumi­
nated.
0
2
4
6
8
10
12
15
Repeat
0.119
0.119
0.119
0.119
0.119
0.117
0.109
0.102
0.103
0.096
0.094
0.189
0.188
0.189
0.189
0.181
0.173
0.164
0.158
0.157
0.152
Malate oxidase 
activity after 
15 minutes 
illumination
0.076 0.058 0.115 0.079
Membranes were illuminated at 15 C, 
using high light intensity (W/m^  =15) 
For malate oxidase 0.5 ml and for PMS 
assays 0.3 ml membrane was used.
See chapter for other details.
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preparation of pigmented and non-pigmented membranes at the 
end of the illumination were tested for the inactivation of 
the malate oxidase system, it was found that like many other 
experiments there was a greater effect in the non-pigmented 
membranes than in the pigmented and that the overall effect 
on malate oxidase activity was greater as compared to that 
on malate dehydrogenase.
This therefore suggested that there may be some other 
sites of photoinactivation apart from those at flavoprotein 
level. This would confirm Huda (1970) *s observations that 
other sites beyond the flavoprotein level in the respiratory 
electron transport chain of S. lutea membranes are affected 
by illumination.
B. Effect of Light on Succinate Oxidase Activity
+The succinate oxidation is different from NAD linked
pathway. The flavoprotein association with the succinate
+oxidase chain differs from that of the NAD linked pathway 
in that it contains FAD rather than the FMN of the NADH 
dehydrogenase. It has been found that in a number of micro­
organisms both naphthoquinone and benzoquinone participate 
in the succin oxidase pathway (Brodie and Kashket, 1963 b,. ■ 
Itagaki, 1964, and Bishop and King, 1962). In E.coli which 
contains both benzo and naphthoquinone, it has been found 
that the naphthoquinone functions on the NAD*^  linked pathway 
and benzoquinone functions on the succinate chain (Brodie and
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Kashket, 1963 bj. In M.phlei a quinone does not appear to be 
involved in the succinate oxidation (Brodie and Asano, 1964 
and Brodie and Kurup, 1967).
A moderate dose of 360 nm. light, which is an effective
destroyer of menaquinone reduced malate oxidase activity in
S,lutea to less than l/3rd. Most of the lost activity was
recovered by the addition of vitamin K^ , whereas succinate
oxidation was only 10% affected by the same dose of 360 nm.
which suggested that in S.lutea the succinic oxidase pathway
by-passes the naphthoquinone site and apparently converges 
+ .
with the NAD linked chain at the level of cytochrome b 
(Prebble, Unpublished observations).
The effect of 462 nm. illumination of succinate 
oxidation in the non-pigmented membranes of S. lutea 
produced a very small inactivation as compared to 
that on malate oxidase. Table23 shows that 15 minutes 
illumination depressed succinate oxidase activity to about 
12% of which 8%% could be attributed to succinate dehydro­
genase. With the same filter and the same membrane preparation 
malate oxidation was inactivated to 27%. Since the effect of 
light on succinate dehydrogenase was almost equal to that 
on succinate oxidase it appears that the respiratory electron 
transport chain beyond cytochrome b towards oxygen is not 
significantly affected by light and that the major light 
sensitive site in malate oxidase must be before the 
cytochrome b site.
C. Effect of 469 nm. on Cytochrome Oxidase 
in the Membranes of S.lutea
Studying the effect of visible light, Epel et el.
(1970) found that in the respiratory chain of yeast.
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Table 23. Effect of High Light Intensity^(452nm) 
on Succinate Oxidase and Malate Oxidase 
Activities in the Non-Pigmented 
Membranes of Sarcina lutea.
Activities expressed in jig. atoms O2 
uptake/minute/mg. membrane protein.
Control Illuminated
Succinate
Oxidase
0.015 0.013
Repeat
Succinic-PMS
Dehydrogenase
Malate Oxidase
0.015
0.039
0.066
0.013
0.036
0.048
Membranes were illuminated at 15 C, 
using high light intensity (W/m =15) 
For malate oxidase and Succinic 
dehydrogenase 0.5 ml membrane was 
used and for succinate oxidase 0.1 ml
For other experimental details 
see chapter 2.
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cytochrome a and a^ components of cytochrome oxidase and 
a part of the cytochrome b were destroyed by irradiation 
with a high intensity visible light. In addition Epel ^  aJ 
(1970) and Ninnemann (1974) reported an effect of visible 
light on the cytochrome oxidase site in beef heart mitochon­
dria. Prebble and Huda (1973) and Huda (1970) found an effect 
of visible light on cytochrome oxidase in S.lutea using 
toluidine blue as photosensitizer.
15 minutes illumination with 459 nm. at high light 
intensity on the membranes of S. lutea did not produce any 
effect on the cytochrome oxidase as assayed with ascorbate- 
TMPD (Table 24). The failure to find an effect on cytochrome 
oxidase without any added sensitizer agrees with the previous 
finding suggesting that succinate oxidase activity is not 
photosensitive between cytochrome b and cytochrome a in the 
respiratory electron transport chain of S.lutea .
It is therefore assumed that all the sites of light 
inactivation are between the flavoproteins and cytochromes 
of the respiratory chain.
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Table 24.
SdU f c €.
Effect of High Intensity Eighty on 
Cytochrome Oxidase in the membranes 
of S. lutea, using 469 nm light.
Activities expressed in jug, atoms 0^  
uptake/minute/mg. membrane protein.
Pigmented Membranes
Illumi- 
Control nated.
Non-P igment ed 
Membranes._____
Illumi* 
Control nated.
Repeat
0.057
0.056
0.056
0.056
Repeat
Repeat
0.039 0.040
0,040 0.041
0.042 0.044
>0Membranes were illuminated at 8 C. 
10“  ^M ascorbate pH 6.9 and 10"^ M. 
TMPD were used.
Details of assay method and illumination 
can be seen in chapter 2.
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D. QUINONES
1. Introduction
The participation of quinones in the respiratory 
chain has been demonstrated by several workers. These 
bound quinones may be photooxidised with ultraviolet 
light and disassociated from the electron transport chain 
without disrupting the special orientation of the enzymes 
and coenzymes involved. Depletion of the bound quinone 
results in the loss of the ability of the respiratory 
chain to utilise oxygen or synthesise ATP • Restoration 
of both activities by the addition of certain specific 
quinone compounds may be accomplished (Brodie et 1970).
Quinones in bacterial systems are found to occur
as mono-or multiquinone systems. For example Mycobacterium
phlei is thought to contain a mono quinone, naphthoquinone
MK-9 (II H) whereas Escherchia coli possesses ,a benzo-and
a naphthoquinone each apparently functioning on a separate
respiratory chain (Brodie and Kashket, 1963b). The naphtho-
+
quinone is required for the activity of the NAD linked 
pathway and the benzoquinone for the succinate oxidase path­
way. In recent studies Daves ^  al. (1967) reported the 
occurrence of a series of benzoquinone Q-1 to Q-9 in E. colip 
Campbell and Bentley (1968) reported MK-8 in M. phlei.
However, it is not known whether all of these quinones 
found in cells are involved directly or indirectly in 
oxidative metabolism by controlling the respiratory rate at 
a quinone site. It is also possible that they are by-products 
of quinone biosynthesis.
Bishop and King (1962) found that Sarcina lutea 
contains a menaquinone MK-8 (a homologue of quinone MK-9
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(II H) found in M. phlei), as its sole quinone.
The position of the quinone in the respiratory 
chain of S. lutea is suggested by Erickson and Parker 
(1969) to be on the substrate site of the cytochromes.
A Naphthoquinone
CH, H
MK-8
ii. Effect of Light on Naphthoquinone.
Brodie and Ballantine (1960) found that 360 nm. 
light destroyed menaquinone in M.phlei which was evidenced 
by the loss of respiratory activity and oxidative phospho­
rylation and subsequent restoration of activity by the 
addition of vitamin K^ .
As mentioned earlier many enzymic activities, i 
including malate oxidation, are inhibited in both pigmented 
and non-pigmented membranes of S. lutea when illuminated 
by visible light. It was found that illumination with 360 
nm. light destroyed malate oxidase activity in the pigmented 
membranes of S. lutea. Results in Table 25 show that in 
15 minutes illumination, activity was lost by more than 
50%. 360 nm. destroys naphthoquinone as is evidenced from
the spectrum taken before and after illumination of pure 
vitamin in ethyl alcohol with 360 nm. for 35 minutes.
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Table 25. Effect of 360 nm. Irradiation on 
* the Malate Oxidase Activity in the 
Pigmented Membranes of S. lutea.
Activities expressed in jig, atoms 0^  
uptake/minute/mg. membrane protein.
Time of 
Illumi­
nation. 
Minutes
Control Illumi­
nated
Q
5
10
15
0.167
0.169
0.168
0.110
0.084
0.064
Intensity of 360 nm. light=20W/m (approx.) 
Membranes were illuminated at 8 C 
0.3 ml membrane (1.7 mg. protein/ml) 
was used ..for malate oxidase assays
See chapter 2 for experimental details.
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The comparison of the spectra is given in Figure 4 . From 
the figure it can be seen that by illumination with 
360 nm. light, the peaks of pure vitamin are depressed 
confirming the destructive effect of ultraviolet light. 
Experiments were performed to see if there is a destructive 
effect of visible light ( 460 nm. ) on pure vitamin K^ .
, Figure 5 shows the comparison of spectra of pure vitamin 
with 360 nm. and 460 nm. light. It can be seen that not 
only 360 nm.. light depressed vitamin (in isopropanol 
isooctane solution) peaks but 460 nm, has also depressed 
the peaks. However, the depression of peaks with 360 is
more pronounced than with 460 nm. Therefore, it is
concluded that membrane-bound vitamin K in S. lutea could be 
affected by visible light, thus accounting, in part, for 
the photo inhibit ion of the respiratory enzyme systems.
Attempts were made to isolate vitamin K (mena­
quinone) from the membranes of S. lutea. The method for 
vitamin K extraction from S. lutea is described in chapter
2. After passing the extracted material through Decalso 
column once^  the spectrum of the material in ethyl alcohol 
and in isooctane was obtained. The spectra (Fig.6 and 7 )
in ethyl alcohol and isooctane were found to be almost
similar to the spectrum of pure vitamin (Fig. 8 and 4). 
Figure 4 also shows that 360 nm. light depressed the 
peaks in pure vitamin between 240-280nm. A similar test was 
applied to see if the vitamin K extracted from S. lutea 
was also affected by 360 nm. The test result showed that 
vitamin K extract (Fig. 7 ) is affected by illumination
with 360 nm. as evidenced by the depression of absorbance 
between 240-280 nm. 25 minutes illumination produced a 
greater effect than 10 minutes.
-110
Figure 4. Effect of 360 nm light on vitamin K.
Kj^ in ethyl alcohol and 35 minutes illumina­
tion.
0.4
0.2
240 280
Wavelength (nm)
320
0.6
K^in isooctane.
Illumination for 30 minutes
0.4
0.2
320280240
Wavelength (nm)
After illumination 
Before illumination
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Figure 5. Effect of 1, 360 nm 2.460 nm on pure
vitamin K_
E
1) 20 minutes illumination (360 nm)
2) 35 minutes illumination (460 nm)
Wavelength (nm)
Vitamin in Isopropanol : Isooctane 
^ 1  : 3
.8
6
.4 (2) (1)
2
260 300 260 300
Before Illumination 
After Illumination
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Figure 6. Spectrum of Menaquinone (MK) Extracted 
from-Non-Pigmented Membranes of S.lutea.
E
4
2
240 280 320
Wavelength (nm)
MK in ethyl alcohol.
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Figure 7. Effect of 10 and 20 minutes illumination (360 nm) 
on MK extracted from white membranes of 
Sarcina lutea.
6
0.4
2
240 280 320
Wavelength (nm) 
MK in Isooctane
Controlled
10 minutes illumination
25 minutes illumination
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ill. Determination of Vitamin K by Reduction Method.
Kroger and Dadak (1969) devised a spectrophotometric
method to determine vitamin K by measuring the absorption
difference at 265 nm. and 289 nm. which occurs on the
complete reduction of oxidised form of vitamin K. This
method is explained in chapter 2. They found that the
molar difference absorbance coefficient of MK (vitamin K^
in this case) at 265 nm-r - 289 nm. is (G red - G ox)_rc265 nm.
— (G red - G ox)_on = -14.7 mM x cm ~.289 nm.
iv. Test of the Reduction Method.
The spectra of the reduced and oxidised form of the 
vitamin obtained were consistent with the previously 
published spectra qualitatively (Fig. 8 and 9). The method 
was verified quantitatively. 25 pM solution of was 
reduced with borohydride (Fig. 9).The calculated result 
gave 24.6 pM concentration.
V. Determination of Light Effect on pure Vitamin K .^
Pure vitamin K^ was prepared in phospholipid (method
in chapter 2) and subjected to visible light (462 nm.) at
2
an intensity of W/m = 15 for 15 minutes. From
illuminated and controlled samples the vitamin K^ was 
extracted and reduced with sodium borohydride. From the 
illuminated sample 0.009 mM vitamin K^ was recovered and 
from the controlled 0.015 mM (table 26) showing 40% loss 
of vitamin K^ by illumination.
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Figure 8. Spectra of Pure Vitamin K in 
Ethyl-Alcohol.
.4
2
260 300
Wavelength (nm)
Oxidised Form 
Reduced Form
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Figure 9. Spectra of 25 p.M. Vitamin in
Ethyl Alcohol to verify Kroger and 
Dadak*s.reduction method.
0.4
E
290250
Wavelength (nm)
Oxidised
Reduced
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Table 26. Effect of 462 nm. Light (W/m =15.00 approx) 
on Pure Vitamin in Phospholipid.
Wavelength 
(nm. )
Absorbance
Control Illuminated
265 red
265 ox
289 red
289 ox
(E rex - Eox) 
-(E red-E ox)
265 nm 
289 nm
Concentration of 
(pg/ml)
0.030
0.230
0.020
0.000
0.220
6.7_
0.100
0.210
0.020
0.000
0.135 
4.1 .
Preparation was illuminated for 15 
minutes.
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vi. Reduction of Extracted MK from Sarcina lutea
Figures g and  ^show the spectra of the oxidised 
form of menaquinone and the changes that occur with 
reduction. Similar changes were observed when extracted 
menaquinone (MK) from S.lutea was reduced in the presence 
of acetate buffer and borohydride using a modified Kroger 
and Dadak * s method for the reduction of MK (Figure 10).
E. Role of Carotenoids to Protect Vitamin K (MK) 
from Destructive Effects of Visible Light
The experiments described so far show and confirm
previous work by Bishop and King (1962) that vitamin K is
present in the membranes of S.lutea and also show that
extracted vitamin K (MK) is sensitive to visible light as in
pure vitamin K^ . Huda (1970), Prebble and Huda (1972)
suggested a site of photoinactivation, beyond the flavoprotein
dehydrogenase complex, is light sensitive and is protected by
carotenoids. Erickson and Parker (1969) suggested the presence
of MK-8 in the respiratory chain of S.lutea between cytochrome
b and the dehydrogenase complex. Therefore, it was thought
worthv/hile to test v.diether or not carotenoids protect vitamin
K (MK) in the membranes of S.lutea. For this purpose membranes
from pigmented and non-pigmented S.lutea were illuminated
with 462 nm for 30 minutes.'MK was extracted by the method
described previously. The extinction at 289 nm and 265 nm
was measured for the MK extract in ethyl alcohol before
and after reduction. In Table 27 the values
(E red - E ox).^- —  (E red - E ox)^„^ in controlled265 nm 289 nm
and illuminated samples were compared for both the pigmented 
and non-pigmented membranes. It can be seen that in the
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Figure 10. Spectra of Menaquinone (MK) Extracted
■from Non-Pigmented Membranes of S.Lutea
0.8
0.6
E
0-4
0.2
260 300
.«c
Wavelength (nm)
Oxdised Form 
Reduced Form
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Table 27. To measure the Light Effect on MK 
by Reduction Method.
Non-Pigmented
Wavelength 
(nm. )
Absorbance
Control Illuminated
265 red 
265 ox 
289 red 
289 ox 
(E red - E ox) 
-(E red- E ox)
265 nm
Concentration of 
MK (pg/mg protein)
0.135
0.290
0.100
0.090
289 nm -0.165 
2.58/
0.140
0.182
0.075
0.062
0.055
0.86
Pigmented
265 red 
265 ox 
289 red 
289 ox 
(E red - E ox) 
-(E red- E ox)
265 nm
289 nm
Concentration of 
MK (^g/mg protein)
0.153
0.265
0.030
0.015
0.127
1.98
0.135
0.230
0.023
0.015
0.103 
1.61 /
Membranes were illuminated with 462 nm 
light (W/m^=15.00) for 30 minutes.
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case of the extract from white membranes, values after 
illumination are much smaller than those of the control. 
In extracts made from pigmented membranes illumination 
was seen to cause only limited destruction of quinone. 
This experiment was repeated several times and similar 
results were obtained. This shows that carotenoids 
protect vitamin K from the lethal effects of visible 
light.
“122“
i, Experiments to Show Carotenoid Protection 
of Vitamin K in an in vitro system
Having shown that isolated membrane carotenoids 
protect MK against lethal photooxidation an attempt was made 
to find out if carotenoids can protect exogenous vitamin 
K. For this purpose vitamin K^ was illuminated with
462 nm. in the presence and absence of alcoholic carotenoid 
extract (method in chapter 2), The comparison of the 
results (Table 28 ) show an almost equal loss of vitamin K^ 
due to light in the presence and absence of alcoholic 
carotenoid extract.
The effect of membrane-bound carotenoid was then 
tested by the addition of pigmented and non-pigmented 
membranes (sonicated) to pure vitamin K^ added as an 
ethanolic solution. It was found that in the presence of 
the yellow membranes the effect on vitamin K^ was smaller 
than in the presence of the white membranes (Table 29 ).
Though the difference in the destruction of vitamin was- 
not great, it suggested that protein-bound carotenoids 
may be better in protecting vitamin K^ .
Experiments were performed by adding a carotenoid/ 
protein extract (Khan, unpublished results). It was a 
detergent solubilized extract of unknovzn chemical compo­
sition, water soluble and associated with a high M.W, 
fraction (100,000). It was found that 16 minutes illumi­
nation with 462 nm. produced an effect on vitamin K^ in the 
presence and absence of carotenoid extract. However, it is 
evident that the loss of vitamin K^  ^from the illuminated 
samples was smaller when carotenoid extract was present. The 
loss of vitamin K^ was 9% when carotenoids were present and 
34% when absent (Table 30). This thus confirms carotenoid 
protection of vitamin K^ which was evidenced in cell membranes.
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Table 28.
Wavelength
(nm)
Effect of 462 nm. Light on Pure Vitamin 
in the Presence and Absence of Alcoholic 
Carotenoid Extract from Sarcina lutea.
Absorbance
With Carotenoid 
Extract
Control
Illumi­
nated
Without Carotenoid 
Extract
Control
Illumi­
nated
265 red. 
265 ox. 
289 red. 
289 ox.
0.110
0.405
0.050
0.020
0.235
0.415
0.040
0.035
0.020
0.270
0.020
0.005
0.130
0.275
0.020
0.000
(E red - E ox)265nm
“(E red - E ox)
Concentration 
of K^(pg/ml)
0.325
9.96
0.185
5.67
0.275
8.43
0.165
5.05
Illumination was done at high intensity 
for 15 minutes.
Absorbance of alcoholic carotenoid extract 
was 0.45 at 447 nm.
1.0 ml carotenoid extract was mixed with
4.0 ml ethyl alcohol and 0.1 ml vitamin 
(about 15 pM).
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Table 29.
Wavelength
(nm)
Effect of Addition of White and Yellow 
Membranes (sonicated) of Sarcina lutea 
to pure Vitamin:..Xj to study the effect of 15 
minutes illumination with 462 nm.
Absorbance
With Yellow 
Membranes
Illumi- 
Control nated
With WTiite 
Membranes
Control
I llumi- 
nated.
265 red 
265 ox 
289 red 
289 ox
0.025
0.385
0.040
- 0.010
0.010
0.350
0.030
0.005
0.030
0.410
0.050
0.000
0.080
0.320
0.020
0.000
(E red- E ox) 
-(E red- Eox)
265
nm
-0.410 -0/285 -0.430 -0.260
Concentration 
of K^(pg/ml) 12.é 8.7 13.2
2 ml membrane (O.D.of 1:5 dilution at 600 
nm=0.40)was sonicated and mixed with a 
sonicated solution of vitamin K^and lipid 
(2 ml). The mixture was sonicated again 
with 1 ml buffer before illumination with 
462 nm.
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Table 30. Effect of Addition of Carotenoid 
Extract to pure Vitamin K-. and 
16 Minutes Illumination with 462 nm,
Without Carotenoid Extract
Wavelength (nm.)
265 red.
265 ox.
289 red.
289 ox.
(E red - E 
-(E red - E
Concentration of (pg/ml)
With Carotenoid Extract
Absorbance
Control
0.105
0.605
-0.005
0.020
Illumi­
nated
0.155
0.490
-0.005
0.015
-0.475 -0.315
uj . i-7 :
265 red. 
265 ox. 
289 red. 
289 ox.
-(E rex - E ox)289 nm
0.115
0.545
-0.003
0.017
-0.410
0.128
0.525
0.003
0.025
-0.375
Concentration of K^ (p.g/ml) 12.6 11.
1 ml catotenoid extract (Khan*s 
method) was mixed 4 ml of about 1 mM 
vitamin K-solution and sonicated 
before illumination.
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The effect of 462 nrn. light on vitamin was also 
tested in the presence of yellow carotenoid extract and 
white extract from the pigmented and non-pigmented membranes 
of S. Intea respectively. The time of illumination was 
reduced to 12 minutes. The results are given in Table 31.
It can be seen that in the presence of the yellow extract 
from pigmented S. lutea the vitamin loss was about 4% 
and in the presence of white extract from the non-pigmented 
membranes was about 23%. These results showed that 
carotenoids do protect vitamin K from the destructive 
effects of visible light.
ii. Failure of Carotenoids to Protect
Vitamin K against Ultraviolet Light.
Experiments were carried out to determine whether
^  - r
"^"carotenoids" protect vitamin K from damage caused by near 
ultraviolet light. _
Ultraviolet light has a considerable^destructive 
effect on vitamin evidenced by a substantial depression
of spectral peaks in 20 minutes illumination (Fig. 4) which 
is consistent with Brodie and Ballantine (1960)*s findings 
that 360 nm. light destroyed menaquinone in M. phlei. It
was found that the presence of carotenoids did not have
any effect on the destruction of vitamin K illuminated with 
360 nm. light for 20 minutes as seen in Table 32 . The 
extracted vitamin K from the pigmented and non-pigmented 
membranes of S. lutea showed similar destruction.
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Table 31. Effect of Addition of Carotenoid 
Extract from Yellow Membranes and 
an Extract from VJhite Membranes to 
pure Vitamin K. and Illumination 
with 462 nm.
White Extract from 
Non-pigmented Membranes
Wavelength 
(nm. )_
Time of Illumination 
was 12 minutes.
Absorbance
Control Illumi­
nated
265 red.
265 ox.
289 rex.
289 ox.
(E red.- E ox)265nm
-(E red - E ox)289 nm
Concentration of K^(pg/ml)
Yellow Extract from 
Pigmented Membranes
265 red.
265 ox.
289 red.
289 ox.
(E red - E 
-(E red - E ox)
Concentration of K, (^ g/ml)
289 nm 
1
0.055
0.650
- 0.010
0.010
-0.575; 
17.6 "
0.055
0.635
-0.015
0.005
-0.570 
17.C i
0.105
0.580
-0.015
0.015
-0.445
13.6
0.075 
.0.615 
-0.005 
-0.015
-0.550
16.9-
1 ml carotenoid extract (Khan*s method) or 
white extract was sonicated with 4 ml of about 
1.2 mM sonicated.
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Table 32. Effect of UV Light ( 360 run. ) on
MK in the Membranes of Sarcina lutea
Pigmented Membranes
Wavelength
Time of Illumination 
was 20 minutes
(nm)
265 red. 
265 ox. 
289 red.
289 ox.
(E red - E ^
-(E red - E ox>2g9 ^  
Cone ente rat; ion of MK **
oii" P igmente d Membrane s
Control
0.175
0.280
0.050
0.060
-0.095
2.55
Absorbance
Illuminated
0.185
0.230
0.040
0.045
-0.040
1.07
265 red.
265 ox.
289 red.
289 ox.
(E red - E ^
-(E red - E
Concenteration of MK
0.129
0.230
0.105
0.095
0.111
2.46
0.135
0.175
0.070
0.065
0.045
0.99
** jig/mg protein
W/m =20
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F. RESTORATION OF MALATE OXIDASE ACTIVITY
IN THE MEMBRANES OF SARCINA LUTEA BY VITAMIN
It has been stated in the work described so far 
that visible li^t has an inhibitory effect in the respiratory 
electron transport chain in the membranes of S. lutea. It 
has also been shown that the respiratory chain beyond 
cytochrome b towards oxygen is not affected by visible light 
and that the light effect must lie on the substrate side of 
the cytochromes. Moreover 15 minutes illumination with 462 
nm. produced a greater effect in the non-pigmented membranes 
than in the pigmented when tested for malate oxidase 
activity but the same irradiation dose produced a compara­
tively smaller effect on phenazine methosulphate reduction 
which was of the same order of magnitude in both strains.
This confirmed the previous finding of Prebble and Huda 
(1972) and Huda (1970) that there must be some sites of 
photoinactivation other than flavoproteins and these sites 
should be beyond the flavoprotein level. The previous 
section gave evidence to show that one site of photoinacti­
vation was vitamin K (MK).
Brodie £t al. (1970) achieved restoration of respi­
ratory activity by the addition of vitamin K^ in M. phlei. 
Therefore experiments were performed to see if vitamin K^ 
can restore the malate oxidase activity in the pigmented and 
non-pigmented membranes of S. lutea. Vitamin dissolved 
in lipid and in ethyl alcohol was added to restore malate 
oxidase activity. The results obtained are given in 
Table 33 and show that addition of vitamin K^ to a yellow 
membrane-preparation did not restore the malate oxidase 
activity whereas when the same was added to the non-pigmented 
membranes it gave a partial restoration of the lost activity.
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Table 33. Effect of the Addition of Vitamin 
to the Light Affected Malate Oxidase ' 
Activity in the Membranes of S. lutea
Activities expressed in jag. atoms Og 
uptake/minute/mg. membrane protein.
Pigmented Membranes Control
%
Illuminated Inhibition
Malate Oxidase
+K^(in C^H^OH) 
+K^(in lipid)
0.082
0.091
0.078
0.066
0.073
0.061
20
20
22
Non-Pigmented Membranes
Malate Oxidase
+K^(in CgH^OH) 
+K^(in lipid)
0.089
0.115
0.066
0.067 25
0.099 14
0.059 11
Pigmented and Non-pigmented Membranes 
were illuminated at 8° C, using a high 
intensity 460 nm. light (W/m^= 15 )
Pigmented Membranes were illuminated for 
15 minutes and non-pigmented for 12 
minutes.
See chapter 2 for experimental details.
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From these results it was concluded that 15 minutes illumi­
nation with 460 nm. did not inactivate vitamin K sufficiently 
to affect the electron transport in yellow membranes. The 
same illumination in the non-pigmented membranes destroyed 
vitamin K and the addition of freshly prepared vitamin K in 
ethyl alcohol or in lipid partly restored the lost malate 
oxidase activity. This therefore confirms that the third site 
of inactivation in the respiratory chain is menaquinone 
(vitamin K).
G. EFFECT OF THE ADDITION OF CYSTEINE
i. Pigmented Membranes
The greater effect of blue light on malate oxidase 
activity and comparatively smaller effect on the malate dehyd­
rogenase as assayed with phenazine methosulphate in pigmented 
membranes of S.lutea together with little effect on vitamin 
suggested the possibility of another site of photoinactivation. 
This site can be demonstrated in assays of menadione reduction 
but not in the PMS reduction system. It has already been found 
that in some bacterial systems there are sulphydryl groups 
probably attached to non-haem iron protein (Brodie and Kurup, 
1967; Kaback, 1972, and Webber and Rosso 1963). In the attempt 
to find any other site of inactivation it was observed that 
cysteine could restore the depleted malate oxidase activity. 
This suggested that sulphydryl groups of proteins involved in 
the respiratory chain are also affected by illumination.
Several experiments were performed to confirm that 
cysteine could restore malate oxidase activity affected by 
illumination in the pigmented membranes of S.lutea. Therefore 
a sulphydryl group may be the second site of inactivation. 
Results of three experiments are given in Table 34.
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Table 34. Effect of Addition of Cysteine to the
Pigmented Membranes of Sarcina lutea
Activities experssed in pg. atoms O2 
uptake/minute/mg. membrane protein.
%age
Control Illumi- Inacti-
nated. vation
Malate Oxidase 0.066 0.051 23
+ Cysteine 0.073 0.069 5.5
Membranes were illuminated at 8° C, 
for 15 minutes with high intensity 
light 460 nm. 0.3 ml of 0.1 M. 
cysteine and 0.5 ml. membrane were used,
Malate Oxidase 0.034 0.025 26
+ Cysteine 0.035 0.031 11
Membranes were illuminated for 17% ; 
minutes and 0.1 ml of 0.1 M. cysteine 
was used. Rest of the procedure is the 
same as above.
Malate Oxidase 0.066 0.051 22
+ Cysteine 0.080 0.078 2.5
NADH Oxidase 0.100 0.067 32.5
+ Cysteine 0.100 0.080 20
Membranes were illuminated for 15 minutes
0.3 ml of 0.1 M. cysteine was used in 
malate oxidase assays and 0,1.ml for 
NADH oxidase.
See chapter 2 for other experimental
details.
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which show that 15 minutes illumination with 460 nm. light 
produced an inactivation of about 23% most of which was 
restored by the addition of freshly prepared cysteine. With 
a shorter illumination time,about 10-11% inhibition of 
malate oxidation was obtained and a small effect on 
the malate-PMS reductase. Here the original activity was
totally restored by addition of cysteine (Table 35). . It was 
therefore suggested that the remaining activity which cysteine 
could not repair (see Table 34) in pigmented membranes,may be 
due to the irrepairable effect on flavoproteins. Like malate 
oxidase activity,part of the NADH oxidase activity was also 
found to be restored by cysteine (Table 34).
ii. Non-pigmented Membranes
Similar experiments were carried out with non- 
pigmented membranes. The results in Table 36 show that 
after 15 minutes illumination there was nearly 29% inacti­
vation of malate oxidase which was not significantly repaired 
by the addition of vitamin nor by addition of cysteine
(unlike the pigmented membranes), but when both cysteine 
and vitamin solutions were added significant repair was 
obtained.
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Table 35. Effect of 8 minutes Illumination with 
- h J v_: _ 460 nm. Light (W/m =15)
on the Malate Oxidase Activity in the 
Pigmented Membranes of Sarcina lutea 
and the Effect of Addition of Cysteine
Activities expressed in ug. atoms 0^  
uptake/minute/mg. membrane protein.
Control Illumi­
nated
%age
Inacti­
vation,
Malate Oxidase 0.083
Malate Dehydrogenase 0.143 
(PMS)
Repeat 0.144
Malate Oxidase 0.091
+ Cysteine
0.074
0.138
0.140
0.091
10.5
3
3
0
Membranes were illuminated at 8 C .
For malate oxidase 0.5 ml membrane and 
for malate dehydrogenase 0.3 ml membrane 
was used. 0.1 ml of 0.1 M. cysteine 
was used.
See chapter 2 for other experimental 
details.
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Table 36. Effect of High Intensity 460 nm. Light 
on White Membranes of Sarcina lutea and 
the Effect of the Addition of Cysteine 
and Vitamin K-,
Activities expressed in ug. atoms 0^  
uptake/minute/mg. membrane protein.
Control Illumi­
nated
%age
Inacti­
vation.
Malate Oxidase 0.070 0.050 28.5
+Cysteine 0.081 0.063 22.5
Malate Oxidase 
+ Vitamin K. in 
Ethyl Alcohol
0.074 0.056 25
Malate Oxidase + 
Vitamin + 
Cysteine
0.087 0.077 12
Membranes were 
minutes at 15°C
illuminated for 15
Malate Oxidase 0.066 0.054 18
Malate-PMS Reductase 0.129 0.112 13.5
Malate Oxidase + 0.098 0.088 10
Cysteine + 
Vitamin K-. 
(Ethyl Alcohol)
Membranes were illuminated for 10 
minutes at 15° C. For malate oxidase 
assays 0.5 ml membrane was used and 
for PMS assays 0.3 ml. 0.1 ml cysteine 
(0.1 M. ) was used.
See chapter 2 for experimental details. 
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H. Effect of Addition of FAD or IMN
Flavoprotein malate dehydrogenase is light sensitive 
and possesses FAD as a prosthetic group. To test whether 
FAD or FMN would repair the photoinactivation of the malate 
dehydrogenase, these flavins were added to membranes oxidising 
malate. It was found that addition of FAD or Fi-IN could not 
repair malate oxidase (Table 37). .
I. Illumination of Membranes in the
presence of FAD
Flavins and porphyrins are known to act as photosensi- 
tizersunder some conditions (Blum, 1941, and Burchard and 
Dworkin , 1966). When the membrane preparation was illumi­
nated in the presence of FAD the light effect on malate 
oxidase was negligible suggesting that FAD did not act as 
photosensitizer. The failure to observe an effect of 
illumination in the presence of FAD may be due to the 
filtering effect of the deep yellow solution because without 
FAD 15 minutes illumination produced 27% inhibition on 
malate oxidase in non-pigmented membranes (Table37).
J. Illumination of Vitamin in the Presence of FAD
Since it has been shovm that in white membranes 
several sites in the respiratory chain were affected by 
illumination including vitamin K, (MK), the effect of FAD 
on pure vitamin K^ in the light was examined. The results
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Table 37 1. Effect of Addition of FAD or FMN to 
the Illuminated White Membranes
of Sarcina lutea
2. Effect of Illumination of White 
Membranes in the Presence of FAD
Activity
Activities expressed in ug. atoms 0^  
tip take/minute/mg. membrane protein.
Control
Illumi­
nated
%age
inacti­
vation
1. Malate Oxidase
(0.1 ml)
+ FAD
0.066
0.066
0.048
0.048
27
27
+ FAD
(0.2 ml) 0.066 0.048 27
(0.1 ml)
+ FMN
0.065 0.047 26.5
2. (FAD 4- Membrane)- 
1 : 5
Malate Oxidase 0.062 0.062 00
Membranes were illuminated for 15 
minutes at high light intensity 
(W/m^= ) using 462 nm. filter
at 15° C. For assays 0.5 ml membrane 
was used and 1.5 mM FAD and FMN were 
used.
See chapter for experimental details.
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of experiments with FAD showed that the addition of FAD 
did not increase the destructive effect of light but in 
fact acted as a shield and where the high concentrations 
of FAD were used no effect on vitamin K was observed. When 
the concentration of FAD was lower, the destructive effect 
of light on the quinone was noticed (Table 38).
K. Illumination in the Presence of Histidine
Histidine is thought to quench singlet oxygen which 
is the cause of photodynamic action in biological system. 
Prebble and Huda (1973) and Huda (1970) were able to delay 
onset of photokilling when they illuminated the cells of 
S.lutea with toluidine blue in the presence of histidine. 
Without added photosensitizer exogenous histidine failed to 
protect the malate oxidase system from the destructive 
"effect of light.
L, Aerobic and Anaerobic Illumination of
Membranes of Non-pigmented Sarcina lutea ' '
To see if the destructive effect on malate oxidation 
was a real photodynamic effect, nitrogen was bubbled through 
the membrane suspension during illumination to expel. oxygen' 
which is necessary for the occurrence of photodynamic 
action. The malate oxidase activity was lost by 50% after 
15 minutes illumination. This may be because bubbling of 
nitrogen kept spreading the suspension in front of the light 
in a thin film and also the bubbling of nitrogen might not 
be able to expel all of the oxygen dissolved or undissolved, 
Therefore to achieve complete removal of oxygen, malate was 
mixed with membrane preparation before illumination. The 
results in Table 39 showed that anaerobic illumination 
prevented inactivation of malate oxidase system confirming
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previous workers findings that illumination causes co 
photodynamic effect in photosynthetic and non-photosyn- 
thetic bacteria.
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Table 38. Effect of Illumination of Vitamin K- 
in the Presence of FAD
Absorbance
Wavelength 
(nm. )
Control I1lumi 
nated
FAD Concen­
tration
' 265 red 0.100 0.065 Higher (3 ml)
265 ox. 0.475 0.410 II
289 rex. 0.040 0.050 II
289 ox. -0.005 -0.005 II
Concentration of 
(pg/ml)
-0.420 
12..9
-0.400
12.3
265 red. 
265 ox.
0.065
0.380
Lower (0.5 ml)
It
289 red
• '  - - - -
0.030 II
289 ox -6.010 M
V c V ?
Concentration of 
(pg/ml)
-0.355
10.9
Vc*/V
(E red-E ox)^^^ — (E red-Enm °*^289 nm
Samples were illuminated for 15 
minutes with 462 nm. at 10° C,
Vitamin was extracted by petroleum 
ether (bp. 40-60).. Evaporated and 
redissolved in Ethyl Alcohol for 
assays by reduction method.
0.4 M FAD was used (FAD+K^and buffer=4 ml). 
See chapter 2 for other details.
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Table 39. 1. Effect of Illumination of White 
Membranes in the Presence of Histidine.
2. Aerobic and Ânaerobic Illumination 
Effects on Malate Oxidase Activity 
in the non-Pigmented Membranes of 
Sarcina lutea.
Activity
Activities expressed in pg. atoms 0^  
uptake/minute/mg. membrane protein.
Control Illumi­
nated
1. Malate Oxidase 0.074 0.054
Malate Oxidase 
(Membranes + 
Histidine)
0.076 0.055
2 . Aerobic
Malate Oxidase 0.062 0.047
Anaerobic
Malate Oxidase 0.067 0.067
Membranes were illuminated at high 
light ( 462 nm.) intensity for 15
at 15^ C. For assay with Histidine 
10 ml of O.IM. histidine and 20,ml 
membranes were mixed before illumi­
nât ion i For anaerobic assays 15 ml 
of membrane was mixed with 15 ml of
0.1 M. malate pH 6.9 before illumi­
nation.
See chapter 2 for experimental details.
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6. ACTION SPECTRA AND VIABILITY EXPERIMENTS 
A. Action Spectra
Cytochromes and flavoproteins have been suggested as 
acting as photosensitizers in photodynamic action in 
biological systems. Work on the respiratory chain of S.lutea 
showed no effect of light on cytochromes as evidenced by 
cytochrome oxidase and succinate oxidase assays.This 
suggested that cytochromes may not be acting as photosensiti­
zers. Further support of this view came from the finding that 
two sites of photoinactivation are located in the flavoprotein 
dehydrogenase complex in the pigmented and non-pigmented 
membranes of S. lutea while the third site of ina.ctivation 
on the malate and NADH oxidising patlways, in white membranes 
only was the quinone. Brodie found that ultraviolet 360 nm 
light could destroy flavoproteins and menaquinones but not 
cytochromes in M.phlei which suggested that flavoproteins 
might be the endogenous photosensitizers since they also 
absorb in the ultraviolet region.
Action spectra of the three photosensitive sites in the 
respiratory chain of S.lutea were prepared in an attempt 
to identify the endogenous photosensitizer.
i. Action Spectrum of the First Site
m i ^  f w m w T i nui,■ nm " w mmw  n  urn » w PMnw ii i iiwiwn
Membrane suspensions were irradiated with equal doses 
of light energy with the narrow band filters ranging from 
409-519 nm. The first site of photoinactivation was assayed 
by PMS reduction. Figure 11 shows the photoinactivation curve 
of the malate-PMS reductase system. An inactivation 
peak appears at 430 nm and a shoulder in the region of 
450-470 nm. The percentage inactivation fell sharply above 
470 nm and no inactivation was observed above 490 nm. Thus
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Figure 11.
Effect of irradiation (5><10^  ergs/cm^) on Malate dehydrogenase 
(assayed with Phenazine melhosulphate as electron acceptor)
30
25
20
c
o
>
umc
500 520480400 • 420 440 460
Wavelength (nm)
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flavoprotein may be acting as the photosensitizer in the 
lethal photodynamic action at the first photosensitive site 
since the action spectrum is consistent with light absorption 
by a flavoprotein,
ii. Action Spectrum for the Second Site
As has been reported earlier, this site was very 
sensitive to light. The inhibition measured for malate oxidase 
in yellow membranes was the combined effect of the first 
and second photosensitive sites. When there was a small 
effect on malate-PMS reductase, all the malate oxidase 
activity was recovered by adding cysteine to the reaction 
mixture. The action spectrum of malate oxidase inactivation 
with and without cysteine clearly shows the existence of 
two sites. The addition of cysteine has depressed malate 
oxidase photoinactivation significantly. The remaining 
effect is probably due to the first site. The maximum 
inactivation of the first site appears to be at 430 nm 
which may be one of the absorption peaks of flavoproteins.
It also .appears that the action spectrum for the second site 
has a different shape to that for site one (Figure 12),
iii. Action Spectrum for the Third Site
The third site of photoinactivation in the malate 
oxidase system was observed in the non-pigmented membranes 
of S.lutea. The first two sites were observed in both yellow 
and white membranes but only the second site could be 
repaired by the addition of the cysteine. Therefore the 
inactivation curve obtained after the addition of cysteine 
to irradiated white membranes should show the combined effect 
of light on the first and third site. The spectrum for malate
1/^
Figure. 12.
Effect of irradiation (3*10^ ergs/cnn^) on Malate oxidase in 
pigmented membranes
•--* malate oxidase inactivation
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oxidase inactivation of white membranes obtained after the 
addition of cysteine is given in Figure 13. The spectral 
curve shows occasional troughs and crests which are nearly 
similar to the spectrum of the first site. The effect of light 
however, shows a steady decline from 409 nm to 500nm where 
photoinactivation is negligible. The action spectrum of 
this third site resembles that of the absorption spectrum 
of vitamin K which suggests that the third site may be the 
quinone (Figure 13 a. )
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FIGURE 13 a. Inactivation of Malate Oxidase in 
the presence of Cysteine in White 
Membranes (Site 3. Inactivation) 
(3xl0^ergs/cm^)
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a. Viability of Pigmented and.Non-pigmented Sarcina lutea
Consistent with earlier findings of Mathews and 
Sistron(1959), it was found that photodynamic death can 
occur in whole cells even without an exogenous photosensi­
tizer at high light intensity. A comparison of the lethal
2
effects of high intensity light (W/m =15 ) on the viability 
of pigmented and non-pigmented cells of S. lutea was made. 
The results clearly showed that cells of non-pigmented 
S. lutea were more vulnerable to high light intensity than 
the pigmented ones (table 40). After one hour illumination 
with 462 nm. light, a decrease of almost 50% was noted in 
the viable count for non-pigmented cells whereas in pigmented 
a negligible decrease was observed. Death of the non- 
pigmented cells was almost linear with time,
The malate oxidase activity upon illumination was 
also affected in the whole cells. A greater depression of 
activity in the non-pigmented than in the pigmented was 
observed (table 41).
Huda (1970) and Prebble and Huda (1973) observed a 
death of non-pigmented cells of S. lutea when they were 
subjected to a light intensity of 5400 lux for one hour in 
the presence of low concentrations of toluidine blue. 
Pigmented cells remained viable under these conditions. The 
presence of carotenoids has clearly protected the organism 
from lethal effects of light but this protection may not be 
complete as a small effect on viability and on enzyme 
activities in the pigmented cells also observed.
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Souf
Table 40. Effect of High Intensity Light^^ 462 nm) 
on the Viability of Pigmented and 
Non-Pigmented Sarcina lutea.
Number of viable cells/ml X 10^
Time of 
lllumi-
nation Pigmented Non-Pigmented
0 90 225
15 85 200
30 95 175
45 80 145
60 85 115
The cell suspensions were illuminated 
at 10 C at an intensity of 15 W/m.^ 
The suspensions were diluted to 10 
and 0.02 ml aliquots were used for 
plating.
See chapter 2 for other experimental 
details.
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Table 41 Effect of 462 nm Light on
the Malate Oxidase Activity in the Wliole 
Cells of Sarcina lutea.
Time of 
Illumi­
nation 
Minutes
Activities expressed in jig, atoms 0^  
uptake/ml of cell suspention used in 
Table 40
Pigmented
Control
Illumi­
nated
Non-Pigmented 
Control
Illumi­
nated
0 0.031 0.031 0.041 0.041
15 0.031 0.030 - 0.038
30 - 0.029 0.041 0.035
45 0.032 0.028 0.041 0.033
60 0.031 0.027 0.042 0.029
The - cell suspensions were illuminated 
at 10 C.
See chapter 2 for other experimental 
details.
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7. DISCUSSION
A. Light Sensitivity of Respiration in S. lutea
It was observed that the blue region of the visible 
light spectrum was responsible for photoinactivation of 
various enzyme activities in the : pigmented and non-pigmented 
membranes of S. lutea. Light of longer wave lengths was 
less effective, green and red light being completely 
ineffective. It has been concluded that the respiratory 
chain of S. lutea is sensitive to high light intensities.
The malate oxidase system which has been studied more 
thoroughly showed two sites of light inactivation in pigmented 
membranes and three in non-pigmented ones. The two sites 
observed in the pigmented systems were also found in the 
non-pigmented. Both are located in the flavoprotein dehy­
drogenase complex. One is malate dehydrogenase itself as 
assayed by PMS and the second is malate dehydrogenase 
assayed by menadione reduction. These sites do not seem to 
be protected by carotenoids as yellow and white membrane 
preparations showed the same degree of inactivation of 
malate dehydrogenase. However, photoinactivation appears 
to start after a short lag period in pigmented membranes.
The first site was shown to be comparatively less sensitive 
than the second. The second site, which seemed to be more 
sensitive, could be repaired by the addition of cysteine 
suggesting the photoinactivation of a sulphydryl group.
The third photoinactivation site was found to be the quinone. 
(naphthoquinone)- of the malate oxidase system. Naphtho­
quinone of the respiratory chain was sensitive in non-pig­
mented membranes of S. lutea but not in pigmented membranes. 
Protection of vitamin K by carotenoids was observed in
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an in vitro system. Flavoprotein dehydrogenases of NADH 
and succinate were also found to be sensitive to light and 
not protected by the presence of carotenoids. The activity 
of NADH oxidase was also found to be restored by the 
addition of cysteine. NADH,oxidase and malate oxidase , 
systems involved the same naphthoquinone in S. lutea so 
that NADH oxidase would also be affected by destruction of 
the naphthoquinone. Succinate oxidase was much less 
sensitive than NADH or malate oxidase. The cytochrome 
oxidase system of S. lutea was not found to be light sensi­
tive nor has any evidence been obtained for light sensi­
tivity of the cytochrome system as a whole. Photoinacti- 
vatiori of respiration appears to be photo dynamic in the 
sense that oxygen was apparently necessary. (The results are 
summarised in Figure 14).
B. Effective Wavelengths
Huda (1970) reported that illumination with the GY 13 
filter (a wideband simple colour glass filter which cuts 
out wavelengths below 440 nm) caused inactivation of malate 
oxidase and malate-menadione reductase activities without 
exogenous photosensitizer.
Experiments using wide band interference filters, 
transmitting wavelengths in the region of GY 13 suggested 
that only purple light (380 nm-520 nm) could act as an 
effective inhibitor of respiratory electron transport in the 
membranes of S. lutea, whereas green light (520-590 nm) and 
red ( 600-650 nm ) could produce no inhibitory effect on 
malate oxidase and malate-menadione reductase activities. 
Cytochrome a of S, lutea absorbs at 598 (Erickson and 
Parker, 1969). Huda (1970) could not obtain an appreciable
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Figure 14
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effect on succinate oxidase activitiy with OY 13 in the 
membranes of S. lutea which suggested that the cytochrome 
region was not effected by visible light of longer wave­
lengths. Therefore the use of a filter in the region'of 
590-500 nm was not considered important.
Results obtained by the use of narrow band filters 
transmitting in the region of the purple filter revealed 
that blue light filters (450 , 459 , 460 , 462 , and
469 nm) transmitted wavelengths that caused inactivation 
of maL?ufe oxidase and malate-menadione reductase activities. 
478 and 493 nm showed a comparatively smaller effect 
while 511 and 5I9nm filters produced no effect. These 
results suggested that blue light was responsible for 
photoinactivation of different enz^ mie activities in the 
visible region of the spectrum.
C, Photoinactivation of Malate Oxidase ^
Good malate and NADH oxidase activities were observed 
in the lysozyme-prepared-membranes of S. lutea. however 
succinate oxidase activity in these preparations was low. 
This suggested that S. lutea like other bacterial species 
contains ..membrane-bound dehydrogenases. Since the addition 
of NAD"^  did not change the oxidation rate for malate, the 
membrane-bound malate dehydrogenase was assumed to be NAD- 
independent and probably a flavoprotein. Benziman and 
Galanter (1964), Brodie and Asano (1964) and White (1964) 
suggested that malate, lactate, succinate and NADH dehydro­
genases are particulate-hound,- flavin linked enzymes 
(flavoproteins) in bacteria. •
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Both moderate and high intensity light depressed 
malate, NADH and succinate oxidase activities. The malate 
oxidase system has been studied in detail. 120 minutes 
moderate intensity illumination produced an almost equal 
damage to the malate oxidase activity in both pigmented 
and non-pigmented membranes showing no carotenoid protection. 
A shorter illumination time however, produced^smaller 
effect on pigmented membranes. Experiments with high light 
intesnity and a shorter period of illumination also produced 
a bigger effect on malate oxidase activity in non-pigmented 
than in pigmented membranes. The inability to observe a 
carotenoid protection with longer illumination at lower 
light intensities may be because one of the other light 
sensitive sites becomes rate limiting or because the longer 
illumination time may bleach the carotenoids. Photoinacti­
vation of an enzyme or carotenoid bleaching may be 
light reactions which are critically dependent on illumination 
time rather than dose. .
D. Sites of Photoinactivation
Huda (1970) and Prebble and Huda (1972) reported 
that visible light irradiation depressed malate-PMS and 
malate-Md reductase activities in pigmented membranes but 
in non-pigmented membranes in addition to these two sites 
a third site beyond flavoprotein dehydrogenase complex was 
reported.
i. Malate-PMS Reduction•
Membranes prepared by lysozyrae treatment and three 
washings when subjected to illumination with 450, 459, 460
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or 462 nm narrow band filters showed photoinactivation of PMS 
reduction in both pigmented and non-pigmented membranes, 8 
minutes high intensity 460 nm illumination produced an 
inactivation of malate oxidase activity of about 10% whilethe 
inactivation of malate-PMS reduction was only about 3%. This 
suggested that this first site of photoinactivation is less 
sensitive. 15 minutes illumination produced almost the same 
effect on malate-PMS reduction in pigmented and non-pigmented 
membranes showing carotenoids did not protect this site.
NADH-ferricyanide reduction and succinate-PMS reduction 
also showed inactivation suggesting that flavoprotein 
dehydrogenases are all sensitive to visible light. 460 nm 
light led to a permanent inactivation as demonstrated by the 
failure to obtain a recovery of the activity after dark 
incubation.
ii. Malate-menadione Reduction
Malate-menadione reductase activity includes the site of 
photoinactivity which can be measured independently in malate- 
PMS reductase. The light effect observed on malate-menadione 
reduction will therefore be the combined effect of the two 
sites in the flavoprotein dehydrogenase complex..
The malate-menadione reductase activity also showed 
photoinactivation which was of a similar size in both pigmented 
and non-pigmented membranes. However, Huda (1970) found, a 
complete reversal of this activity following dark incubation. 
The restoration of activity by this method was not observed 
in our experiment. However, it was observed that cysteine 
could repair the light inactivation in pigmented and non- 
pigmented membranes under certain conditions —  for example,
8 minutes illumination of pigmented membranes with 460 nm
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depressed malate oxidase activity to about 10% which was 
completely restored by adding freshly prepared cysteine 
solution. 10 minutes illumination of white membranes 
affected malate oxidase activity to about 20% and 10% of 
which was restored by adding cysteine. This suggested 
that the second site of photoinactivation reported by 
Huda (1970) could be the inactivation of a sulphydryl 
group. Tests with other sulphydryl reagents such as 
mercapto-ethanol and dithiothreitol did not restore activity, 
The involvement of sulphydryl groups in the respiratory 
chain has been reported by several workers. They are 
suggested to be associated with the non-haem iron protein. 
Non-haem iron has been shown to be a component of the 
soluble malate-menadione reductase enzyme (Brodie and 
Kurup, 1967).
Brodie and Murti (1969) were able to restore 
succinate oxidase and NADH oxidase activities in M. phlei 
by adding a soluble factor prepared from the supematanE"^ . 
fraction (obtained after removal of particles) from whole 
cells of M.phlei and from rat liver mitochondria.
Huda (1970) claimed reversibility of photoinacti­
vated malate oxidation after a dark incubation of his 
illuminated less washed membranes. We could not achieve 
this auto-restoration of activity. It seems probable 
that extra washing of membrane preparation removed the 
reducing agent responsible for reversibility. From this it 
was concluded that restoration of enzyme activities 
claimed by Brodie and Murti and Huda may have involved 
similar sulphydryl groups probably associated with protein. 
This may explain why in the presence of these adequate . 
reducing agents in whole cells, the malate oxidase was not
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so sensitive to light.
iii. Quinones
The naphthoquinone MK-8 is located between the 
flavoprotein dehydrogenase complex and cytochrome b in 
S. lutea (Erickson and Parker, 1969). Involvement of 
quinones (Benzoquinone or naphthoquinone) in the respi­
ratory chain in microorganisms has been established 
(Brodie, ^  al, 1970) by the use of a number of techniques 
including destruction of naphthoquinones with ultraviolet 
light (360 nm). Restoration of oxygen uptake and cytochrome 
reduction was achieved by the addition of natural quinones 
(Brodie and Gutnick, 1969).
iv. Effect of Light on Quinones ,
Inhibition of malate oxidase activity by 360 nm (UV)
light was associated with a loss of extractable quinone in
membranes of S. lutea. However, this did not show that
loss of quinone only was responsible for inhibition of the
electron transport system. Other light sensitive components
were present which have been discussed earlier. 15 minutes
illumination of vitamin K. in phospholipid with blue light
2(460 nm., 15 w/m ) caused about 39% loss (Table 26 ). The 
great.sensitivity of vitamin K to visible light was further 
demonstrated when menaquinone, a homologue of was 
extracted from the membranes of pigmented and non-pigmented 
S. lutea and subjected to 360 nm. light/which depressed all 
the menaquinone absorbance peaks (between 240-280 nm) in an 
almost similar way to that of pure vitamin (Fig. 7).
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The spectrum of extracted menaquinone was found to be 
nearly identical in isooctane and in ethyl alcohol with 
published spectra of menaquinone. Like pure vitamin 
this extract was also sensitive to visible light (460 nm). 
From this it was suggested that the third site of photoin­
activation in the malate oxidising respiratory chain of 
S. lutea may be the menaquinone, in agreement with Huda 
(1970) who found that the third light-sensitive site 
appeared to be oxidising side of the flavoprotein dehydro­
genase complex.
E. Succinate Oxidase and Cytochrome Oxidase
Epel, et al. (1970) reported that in yeast and 
beef heart mitochondria cytochrome oxdiase was affected by 
light. We found that in S. lutea cytochrome oxidase was 
not affected although cytchrome a^  is believed to be a-^ . 
component of the oxidase (Erickson and Parker, 1969).
Succinate oxidase activity was also much less 
sensitive than malate oxidase and NADH oxidase. The major 
effect on succinate oxidase was on the dehydrogenase 
complex. Succinate oxidation does not involve quinone 
(Prebble, unpublished observation), a fact which is 
consistent with the low photosensitivity of succinate 
oxidase in the membranes of S.. lutea.
F. Role of Carotenoids
The carotenoid pigment of non-photosynthetic bacteria 
are located in cell membrane (Gilby et al, 1958 and ’Mathews
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and Sistrom, 1969), and have been shown to protect the 
organism against lethal photosensitization (Mathews and 
Sistrom, 1950). The role of carotenoids in protection 
against photodynamic destruction varies with the photo­
sensitizer used. In the presence of 8-MOP, the rate of 
photokilling of pigmented cells was the same as that of 
the colourless. But the lethal photosensitization caused 
by toluidine blue, however, was inhibited in the pigmented 
strains. Various enz^ mie activities, malate oxidase, 
succinate oxidase and NADH oxidase, were all damaged by 
visible light in the presence and absence of exogenous 
photosensitizer (Mathews, 1963, Huda, 1970; and Prebble 
and Huda, 1972, 1973). It has been reported that with 
toluidine blue and light several sites of the respiratory^ 
electron transport chain of S. lutea were affected, for 
example, malate oxidase, succinate oxidase and the cytochrome 
oxidase. The presence of carotenoids partially protected 
all these sites. Without an added photosensitizer malSte- 
PMS reductase and malate-menadione reductase activities 
were not protected but a third site beyond flavoprotein- 
dehydrogenase complex was protected (Huda, 1970). This 
third site has now been shown to be menaquinone.
Menaquinone extracts from pigmented and non-pigmented 
membranes of S. lutea were compared in relation to the 
effect of visible and ultraviolet light. It was observed 
that the loss of menaquinone from pigmented membranes was 
much less than the one from non-pigmented when the membranes 
were illuminated with visible light. When the membranes 
were illuminated with 360 nm. the loss of MK in pigmented 
and non-pigmented was identical suggesting that carotenoids 
protect menaquinone only against visible light.
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G. Probable Mechanism of Carotenoid Protection
The menaquinone protection by carotenoids was further 
confirmed in an in vitro system as well when a lipid-carot- 
enoid-protein extract from yellow membranes of S.lutea was 
added to vitamin prior to illumination. The loss of 
was greater when there was no carotenoid in the extract.
It was observed that an alcoholic carotenoid extract 
did not protect vitamin from light in an in vitro system 
but a sonicated yellow membrane did show a little protection 
A detergent solublised lipid-carotenoid-protein preparation 
(Khan*s unpublished Method) of high molecular weight showed 
reasonable protection when vitamin was illuminated in its 
presence. This therefore suggested that in the case of the 
alcoholic extract vitamin K and carotenoid molecules did not 
interact sufficiently to facilitate the transfer of the energy 
absorbed by vitamin K easily and quickly to carotenoid 
molecules thus preventing protection. With detergent soTu^  
blised lipid-carotenoid-protein extract the vitamin K may 
be expected to dissolve in the micelle where the quinone 
will come into close contact with the carotenoid and hence 
the light energy absorbed by K could easily be transferred 
to carotenoids thus protectiog the former effectively. The 
inability of carotenoids to protect MK from 360 nm light may 
be because carotenoids have a little absorption in that region.
H. Viability of the Cells of S. lutea
Illumination for one hour with high intensity 462 nm 
light and an endogenous photosensitizer decreased the viable 
count to almost half in the non-pigmented cells while 
there was a negligible effect on the pigmented ones. This
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confirms that carotenoid pigments of S. lutea protect the 
cells from lethal effects of visible light sensitised by 
an endogenous photosensitizer.
An increase in permeability as the primary lethal 
event in photodynamic killing V7as ruled out by Mathews 
and Sistrom (1960), In S. lutea the bigger effect of light 
on the malate oxidase activity in non-pigmented cells and 
the smaller effect in the pigmented not only confirms 
carotenoid involvement in the protection of these enzyme 
systems but it also suggests the possibility that the cause 
of cellular death during illumination may be inactivation 
of respiratory enzymes. From the results obtained on 
enzyme inactivation (Table 41), it appears that illumination 
for one hour with 462 nm light (15 W/m ) inactivated the 
malate oxidase in the non-pigmented cells to about 30%, 
whereas loss in viability was nearly 50%. This suggests, 
that the primary lethal event in cellular death may not 
be only the inactivation of respiratory enzymes but the 
latter may be partly contributing towards p h o t o d y n a m i . 
killing.
It also appears that the optical properties of white 
cells are different from those of yellow cells. This is
evidenced by the fact that the number of viable colonies
obtained in the non-pigmented was more than double that 
of the pigmented although the original suspension of pigmen­
ted and non-pigmented cells were of almost equal optical 
densities. •
Respiration per viable cell is nearly half in the 
non-pigmented as compared with that in the pigmented. 
Therefore, even a small further decrease in the oxygen 
uptake due to inactivation of respiratory components as a 
result of illumination may result in the cellular death in
white. Whereas the rate of oxygen uptake per cell in the
pigmented is greater.
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I. CONCLUSION
Mathews and Sistrom (1959) suggested that carotenoids 
act naturally to protect non-photosynthetic bacteria from 
lethal photodynamic killing in natural light. They attempted 
to explain the distribution of carotenoid pigments in 
bacteria as a function of environmental condition. They 
proposed that all aquatic and air-borne bacteria should be 
expected to contain carotenoid pigments if they are exposed 
to light and air. Bacteria usually not exposed to high light 
would therefore, not be expected to contain carotenoids if 
the primary function of carotenoids was to protect cells 
from photodynamic action.
We conclude that high-intensity light destroys vitamin 
or MK and carotenoids offer protection to this essential 
light sensitive component of the respiratory electron 
transport chain of bacteria. The site of lethal effect of 
light observed by other workers may be the quinone. This may 
be the reason why in nature the bacteria which are subjected 
to intense light and air necessarily contain carotenoids.
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